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PREFACE

The work embodied in the thesis entitled “Synthesis, Photophysical and
Photoisomerization Properties of Stilbene-Appended Terpyridine Complexes of Iron and
Zinc” have been carried out in the Department of Chemistry of Jadavpur University
during the period between 2015 and 2022. The thesis is composed of six chapters.

In Chapter 1, an overview of the synthetic strategy and photophysical as well as
photoisomerization behaviours of stilbene conjugates as well as their Fe(ll) and Zn(Il)
complexes with tridentate ligands have been given. Stimuli-responsive behaviours of
selected systems were also presented. A concise review on photoisomerization studies of
noble metal complexes incorporating stilbene units was also performed. Finally, objective
and scope of this dissertation has been discussed at the end of the chapter.

Chapter 2 deals with the synthesis and characterization of a series of terpyridine
ligands, tpy-pvp-X (where X = H, Me, CI, NO,, Ph) covalently coupled with styryl-
benzene and thorough investigation of their photophysical and reversible trans-cis photo-
isomerization behaviours. The photochromic behaviours of the compounds were also
explored and modulated in presence of acid. The "on-off" and "off-on" emission
switching was made possible upon alternate interaction of the compounds with UV and
visible light. Computation work were performed on both the trans and cis forms of the
compounds by employing DFT and TD-DFT methods to acquire deeper insight about
their electronic structures as well as for proper assignment of the experimentally observed
absorption and emission bands.

Chapter 3 deals with synthesis, characterization, photophysics, and reversible
trans-cis photoisomerization behaviours of three homoleptic Fe(ll)-terpyridine
complexes, ([Fe(tpy-pvp-X),]°* where X = H, Me, and NO,) covalently coupled with
photo-active styrylbeneze moiety. The complexes undergo trans-trans to cis-cis
isomerization upon treating with both visible and UV light with substantial alteration of
their absorption and emission spectral profiles. The reverse process (cis-cis to trans-trans
isomerization) also proceeds, albeit very slowly, on keeping and can be accelerated upon
heating. The isomerization studies were performed in different solvents of varying
polarity to tune the thermodynamic and kinetic aspects of the isomerization process. The

rate, rate constant and quantum yield of photoisomerization were determined in all the



solvents. Computational investigations involving DFT and TD-DFT methods were also
carried out in their trans-trans, trans-cis and cis-cis forms to understand the electronic
structures and correctly assign the experimental optical spectral bands.

In chapter 4, the anion sensing properties of a bis-terpyridine Fe(ll) complex,
[Fe(tpy-pvp-Cl),]** has been thoroughly investigated in both acetonitrile and water-
acetonitrile (100:1, v/v) media through multiple optical channels and spectroscopic
techniques. Interestingly, the complex acts as chromogenic and fluorogenic receptor for
cyanide (among the other studied anions such as F, CI', Br', I, CN’, OAc’, H,PO,’, SCN,
BF, and CIOy) in predominantly aqueous medium with very low detection limit.

Synthesis, characterization, photophysics, and photo-isomerization behaviours of
three Zn(11)-terpyridine complexes of the type [Zn(tpy-pvp-X)2]** (X = H, Me, and NO,)
are reported in chapter 5. The stilbene motifs in the complexes undergo trans to cis
isomerization upon irradiating with UV and visible light accompanied by significant
alteration of their absorption, emission, and *H NMR spectral profiles. The rate, rate
constant and quantum yield of isomerization were estimated in three different solvents.
The reverse process (cis to trans) also occurs very slowly on keeping but could be
accelerated upon heating. The emission spectral responses upon successive action of
photonic and thermal input were utilized to mimic the function of INHIBIT and
IMPLICATION logic gates.

In chapter 6, the terpyridine-stilbene system was utilized to demonstrate multiple
advanced logic functions. Upon using the optical response profile of the receptor in
presence of selected cations as well as light of specific wavelength, we are able to
demonstrate multiple Boolean logic functions such as INHIBIT, IMPLICATION, OR,
NOR and NAND as well as the functions of security keypad locks and memory devices.
The present system has also been used to demonstrate fuzzy logic operations for building
an infinite-valued logic scheme based the emission spectral responses upon varying the

concentration of cationic (Fe?* and/or Zn?*) and anionic (CN") inputs.
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Chapter 1

Review on photophysical, photoisomerization
behaviors of Fe(ll)- and Zn(II)-terpyridine
type of complexes along with trans-cis
aspects of stilbene and substituted
stilbene appended noble metal
complexes and objective and

scope of the present work
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1.1 General introduction

There is widespread interest for the design of task-specific materials which could
respond to different external stimuli such as light, heat or chemical species [1-5]. Among
the stimuli, light is considered to be most convenient source as the materials could be
excited at any wavelength of choice encompassing within a wide spectral range (UV to
IR). The interaction between light and matter inducesdifferent performances, viz.
emission of light, electron or energy transfer, conformational changes or chemical
transformation which can lay the foundations for many applications [6-15]. An optical
stimulus is very loyal to user and switching off the source gives rise toimmediate turn-off
of the signal. Additionally, the light sourcecould be remote-controlled over a long
distance that can facilitate the fabrication of optical information storage, high density
optical memory and optical switches [6-16].

The compounds containing stilbene, azobenzene and spiropyran unit undergo
reversible trans/cisphoto-isomerization and lead to the generation of a wide range of
photo-responsive materials [17-21].The conformational change accompanied with
remarkable alteration of their photophysical behaviors were utilized for this purpose.
Although lots of studies were reported with purely organic stilbene derivatives, but
similar studies with their coordination complexes are relatively sparse in the literature
[17-21]. The metal complexes could offer a wide range of electronic structures with
regard to coordination sphere, electronic configuration and redox state of the metal [22-
31]. In order to utilize the coordination complexes for the fabrication of photo switching
materials, one of the most effective strategies is to reversibly alter their properties by
inducing conformational changes on the photo-responsive component appended on the
ligands. The major reports in this regard are mainly focused on the noble metals (such as
Ru, Re, Ir, and Pt) which are very expensive as well as synthetically challenging [5,22-
31]. The main objective of the dissertation is to design suitable base-metal complexes
which could demonstrate similar behavior and can lead to the design of a new class of
low-cost and easily synthesizable photo-switches.

In order to achieve our objective, we designed a series ofterpyridine derivatives
{2-(6-(pyridin-2-yl)-4-(4styrylphenyl)pyridin-2-yl)pyridine} appended with substituted
stilbene units (tpy-pvp-X) and synthesized a wide range of homoleptic bis-terpyridine
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complexes of Fe’* and Zn** metals ([M(tpy-pvp-X)-]°").The terpyridine (tpy)offer an
excellent coordinating motif compared with bipyridine (bpy) unit for the design of linear
achiral architectures as functionalization at the 4'-positon of tpy unit is quite easy.

We will thoroughly investigate the photo-isomerization behaviors of the free
ligands as well as their Fe(Il) and Zn(Il) complexes through different spectroscopic tools.
In this dissertation, we also address the influence of solvents, excitation wavelength and
the effect of electron donating/withdrawing substituent (X) on the thermodynamic and
kinetic aspects of isomerization process. Substantial alteration of the optical properties
along with switching of emission spectral characteristics of the complexes was made
possible upon isomerization. Moreover, the absorption and emission spectral output as a
function of photonic, thermal and ionic inputs was utilized for the fabrication of several
advanced Boolean and Fuzzy logic functions. The processing of information at the
molecular level is now a very active area of research and proper utilization of sequential
logic functions exhibited by molecular and supramolecular species is a huge challenge in
research filed of information technology [32-36]. In conjunction with experiment,
theoretical studies employing DFT and TD-DFT methods are also performed to acquire
insight about the electronic structures of the complexes, correct assignment of the

spectral bands, and to understand the actual mode of isomerization process.

1.2 An overview of photophysical properties of Fe(ll1) and Zn(l1) poly-

pyridine complexes

Iron is the most abundant low-cost metal in Earth's covering and plays a vital role in
transport and storage of oxygen in living organisms [37-39]. Fe(ll)-polypyridine
complexes are generallyless effective sensitizers with respect to its higher analogues like
Ru* and Os** (low spin d® complexes). The Fell)-polypyridine complexes usually
possess low lying **MC states which gives rise to very fast non-radiative deactivation
and reduce the excited state lifetime dramatically[40-47]. Although the terpyridine
complexesof Fe(Il) don’t display Fe(ll)-centered emission, they exhibit strongmetal-to-
ligand charge transfer (*MLCT) absorption band at higher wavelength (at ~575nm)

compared with analogous Ru(ll) and Os(l1l) complexes. In addition, Fe(ll)-terpyridine
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complexes display emission due to ligand-centered intra-ligand charge transfer transition
(ILCT) at shorter wavelength.[44-46,48].

Bivalent Zn also constitutes an important class of low-cost Zn(Il) complexes.
Because of its d*° electronic configuration, Zn(Il) complexes do not show much
preference of their coordination geometries. Zn(I1)-polypyridine complexes show intense
intra-ligand charge transfer (LLCT) absorption and emission band at low energy [49-52].
Due to absence of MLCT as well as d-d bands, the zinc complexes are opticallymore
transparent than other d" metal complexes. The main objective of the dissertation is to
design base-metal (such as Fe and Zn) complexes of terpyridine ligands which could
show alike response as those of other costly metal co-ordinated species (such as Ru, Re,

Ir and Pt) and can promote a series of low-cost photo responsive switches.

1.3 Overview of photoisomerization behaviors of stilbene and

substituted stilbene units

It is well known that the stilbene unit is capable of undergoing reversible trans/cis
isomerization upon irradiation with light of appropriate wavelength (Fig. 1.1). Upon
photo-irradiation, thestilbene israised to the S1 excited state with a C=C bond slightly

shorter compared tothe groundstate species and leads to free turn around the ethylenic

.

trans stilbene cis stilbene

Fig. 1.1

unitwithin veryshort timescale. One of the most acknowledged processes of the
isomerization includes the involvement of the phantom p* state [17] having incredibly
short lifetime of ~1 ps. The C=C bond twist about 90° around its axis in the phantom
state in electronically excitedtrans and cis forms (Fig. 1.2). Statistical formation of both

cis and trans isomers is also proposed in recent time upon deactivation of the upper lying
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excited state. Another proposed mechanism of isomerization involves inter system
crossing process. The intersecting point between the singlet and the lowest triplet state is
believed to the reason for trans—-cis isomerization. ISC from S1 state— triplet state can

be ignored in liquid state at RT.

Sl-trans S1-p state

/’ SO-cis

SO-trans

e X (T
' H R™""H

H R R

carbene leading
rearrangemnets

Fig. 1.2

The trans/cis isomerization of ethylene derivatives are studied thoroughly
bothvia experiment as well as by theoretical calculations. The outcomes of the study
propose some novel mechanisms [53-55].Geometric isomerization is a major mode of
reaction of polyenes in their excited singlet state and the prevailing theory is “onebond-
flip (OBF)”, which involves the torsional relaxation of the perpendicular excited state via

an adiabatic mechanism (Fig. 1.3).
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OBF = One-Bond Flip
HT= Hula Twist
—> BP = Bicyclic pedal

—. H

Fig. 1.3
However, such a phenomenon is not consistent with large polyenes such as retinyl
chromophores which are confined inside a protein structure. Therefore, the Hula-Twist
(HT) mechanism as depicted in Fig. 1.3 was proposed [56].The HT mechanism postulates
that a C-H unit can undergo a 180° translocation via anadiabatic mechanism that is in
apparent violation of non-equilibration of excited isomers (NEER) theories (Fig. 1.3).
However, the HT mechanism has been primarily validated with carotenoids in particular

in the vitamin D series and later with diene triplets and simple trienes.

1.4 An overview of photophysical properties of styrylbenzene-
terpyridine conjugate

Since the first use of 2,2".6'2"-terpyridine (tpy) in 1932, a wide variety of
terpyridine derivatives functionalized at different positions have been designed and found
to be avery useful building blocks in both organic and inorganic supramolecular chemistry
[57-66]. In this dissertation, a series of stilbene-appended terpyridine derivatives have
been designed. The stilbene unit is capable of undergoing reversible trans/cis
isomerization upon irradiation with light of appropriate wavelength.Thus, the present
stilbene-terpyridine conjugate can act as photo-switches by changing its geometrical
conformation [67-74].The experimental results show that the trans form of the compounds

are highly fluorescent compared to their cis counterpart. Interestingly, isomerization from
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trans to cis or vice-versa leads to emission switching. So, the compounds could display
"on-off" and "off-on™ emission switching upon alternate interaction with different light
source. This kind of switching leads to the formation of various kinds of logic gate like
NOR, AND, OR, INHIBIT, IMPLICATION etc.

1.5 Brief survey on tridentate ligand along with their iron and zinc

complexes

Synthesis, structural features and physicochemical properties of a wide range of
Fe(I1) and Zn(I1) complexes with tridentate ligands have been studied by various research
groups.In this section, we have mainly focused on the synthesis and physicochemical
properties of the tridentate ligands and their monometallic complexes of Fe(Il) and Zn(ll).
1.5.1 Common synthetic strategy of tridentate ligand and their metal complexes

The terpyridine ligands incorporating styrylbenzene unitare synthesized by
modification of the literature procedures adopted by Schmehl [75] and Magennis [76]
research groups. The synthetic strategies of homoleptic complexes of Fe(ll) and Zn(ll)
with tridentate ligands are well known in the literature and can be obtained by treating
appropriate metal precursor and terpyridine ligand in 1:2 ratio (Fig. 1.4). Purification of
the complexes is usually done by column chromatography and recrystallization
techniques. The metal complexes of the type [M(tpy).]** (M=Fe and Zn) usually possess

distorted octahedral geometry.

Fe(Cl04),-6H,0

Y

CHCl3-MeOH

Zn(Cl04)2-6H20

Y

CHCl,-MeOH

Fig. 1.4



Chapter 1

1.5.2 Brief literature survey on Fe(ll)-terpyridine-type complexes

With the development of supramolecular chemistry [77,78] and the utilization of
metal complexes for the development of noncovalently bound architectures [79,80], the
2,2":6,'2"- terpyridine (tpy) ligand has turned into a widely utilized receptor unit for metal-
ligand mediated self-assembly because of its simple accessibility and its anticipated
complexation behavior. The terpyridine subordinates together with buildups at the 4'-
position are of special significance as they permit the course of action of two units in a
precisely collinear fashion. In the last decade, an expanding number of models for
supramolecular structures bearing tpy ligand have been reported, combined with an
increase in complexity and functionality of the systems. An impressing example of the
potential metal-terpyridine self-assembly was reported by Newkome and coworkers [81-
82],who invented the development of the cyclic hexamers of six [M(tpy).]** units using
Fe?* and Ru*metals. Various research groups are working on the development of
coordination polymers involving the tpy ligand, a field which was further developed by
the work of Constable [83], and widely explored by a few other groups [84-85]. Another
important class of supramolecular frameworks built by tpy-metal complexes is dendrimers
[86], matrix like structures [87] and helicates [88]. Due to their good luminescence
properties, especially the Ru®* and Os®* complexes of terpyridine ligands have been
widely used to construct functional supramolecular systems, for example molecular rods
with tpy complexes acting as energy donor and/or acceptor units. Extensive as well as
very interesting research has been done in this field by the research groups of Sauvage,
Balzani, and Ziessel [89-91].Furthermore, terpyridine is used as a receptor unit in
fluorescence sensors for the recognition of metal ions [92-93] and amino acids [94-95].
Recently, even more complicated supramolecular systems, so-called molecular muscles,
based on catenanes and rotaxanes have been introduced [96]. These systems have been
designed by taking advantage of the different stability of tpy and phenanthroline
complexes along with the metals in different oxidation states. Among all the metal ions,
iron is most abundant in the Earth’s crust and plays very important role in biological

systems. Iron is very low-cost metal ion which also plays vital role for storage
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and transport of oxygen in living systems and also gives high response in various
metalloenzymes [37-39]. It was already beendiscussed that iron-terpyridine complexes are
unable to function as good sensitizerslike its higher homologues (such as Ru®* and Os?").
The low lying **MC states confined on Fe(Il) unit undergo very fast non-radiative
deactivation leading to remarkable lowering of excited state lifetime [40-47]. Although the
Fe-terpyridine complexes have no iron-centered emission but it shows singlet MLCT
absorption at lower energy region (~575nm)[44-46,48].

During last few decades, a great variety of the bridging ligandshas also been
designed for the development of polynuclear metal complexes with well-defined
properties. Properties of complexes are strongly influenced by the nature of the ligand
such as their ¢ and © donor/acceptor capacities, length and rigidity as well as the type of
chelating motifs (bidentate vs tridentate coordination sites). The literature on the
polypyridine complexes of Fe(ll) is quite exhaustive and discussion on the properties of
the individual complex is much difficult. Th early works in this field are nicely
summarized in several reviews and monographs [16,23-25,41-44,46-47,97]. Therefore,
only a few selected systems that are related to our work will be discussed here.

The first example of the kinetics of formation and dissociation of complexes of
Mn-Zn and Cd with 2,6-bis(2’-pyridyl)pyridine (2,2°,2”-terpyridine) was measured by the
stopped-flow method by R. G. Wilkins and group[98]. The stability constants were
calculated from these results and the thermodynamic and kinetic data were compared with
those for bipyridine and phenanthroline complexes.

Elena Jakubikova and coworkers designed two series of compounds of
composition [Fe(tpy)-]** (tpy=2,2";6",2"-terpyridine) and [Fe(dcpp)2]** (dcpp=2,6-bis(2-
carboxypyridyl)pyridine). The focal pyridine was replaced by some five membered and/or
six membered rings to tune the ligand filed energy. The N-heterocyclic carbene, pyrrole
and furan were used as five membered moieties whereas aryl, thiazine-1,1-dioxide and 4-
pyrone were used as six membered units (Fig. 1.5) [99]. The singlet, triplet and quintet
state of theFe(ll) center were optimized by DFT -calculation through the use of
B3LYP+D2 level, 6-311G* and SDD(Fe) basis set in water (using PCM model) to know
the effect of different kind of ligating units on the physico-chemical properties in the
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complexes. It was observed that the dcpp ligand framework gives rise to geometry which
is closer to ideal octahedral coordination compared to the tpy-type ligand scaffold.
Additionally, it is observed that the six-membered central unit induces geometry that are
closerto ideal octahedral compared with the five-membered unit. They also showed that

the LF strength of Fe(ll)-polypyridine could be modulated by replacing its donor atom in
the order O-—N—C.

Ideal octahedral co-ordination \

\ _
RN \/ \ \ n
erl/ Nheterocycllccarbena / \ \N/F \N X
\ / ﬂ furan | l

4+ pyrole

\_/
7
/

X
dithiazine 1 1- dioxide pyrmle

[Fe(tpy),]** < [Fe(dcep) 1
Saffold Saffold

08 0 A

LF strength increases in polypyridine

-
>

R= pyridine or -CO-pyridine
Fig. 1.5

C.A. Mirkin et al reported one-pot synthesis of Fe(ll) bis-terpyridine building
blockscoupled with two peripheral square-planar Pt(Il) bis phosphinoalkylthioether motif
(Fig. 1.6) [100]. Thecomplex architectures show allosterically controllable electronic
properties induced bytwo symmetrical Pt(11) building units. The initial and final forms of
the allostericframework have been characterized by single-crystal X-ray diffraction and
NMR, UV-vis, and °'Fe Mossbauer spectroscopy.
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6 6PFg

Fig. 1.6

Lallan Mitra and his group synthesized a benzimidazolyl terpyridyl ligand (BIT)
which acts as a sensor for Fe”*, F~ and CN™ ions in acetonitrile (Fig. 1.7). The Fe(ll)
complex of the BIT ligand exhibits high response towards 2,4,6-trinitrophenol (TNP)
with very low detection limit (1.4x10~" M) [101]. The prominent color change from
purple to red, yellow, and green upon sequential addition of 2,4,6-trinitrophenol and
tetrabutylammonium salts of fluoride and cyanide, respectively is utilized to mimic the

- (eow) (S

function of a traffic signal.

- (e

Fig. 1.7
The research group of Richard A. Jones designed three Fe(ll) bis(terpyridine)-
basedcompounds by  incorporating  thiophene, bithiophene, and  3/4-
ethylenedioxythiophene side chain to provide two terminal sites suitable for
electrochemical polymerization (Fig. 1.8) [102]. The metallopolymers were synthesized
on ITO-covered glass substratesvia oxidative electro-polymerizationof the thiophene-

substitutedmonomers. They used thin film of poly-Fe(bithiophene),for electrochromic
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switching properties and constructed electrochromic (EC) device by utilizingthe strong
MLCT absorption band at 596nm without any applied voltage. The electro-
polymerization and electro-chromic conductance of Fe(bithiophene), gives a helpful and
controllable method of film formation and forming solid state device.

Manna et al. synthesized a series of heteroleptic compounds of 4'-functionalized

terpyridyl derivatives with Fe** and Ru* (d°

metal ions) [103].Furthermore, they
investigated the impact of both electron donating (-NH,) and electron withdrawing(-NO,)
group on the photophysical and electrochemical behaviors of the complexes (Fig. 1.9).
The electrondonating group induces red-shift of the MLCT band maximum together with
increase in the molar extinction co-efficient.

G. Hanan and co-workers synthesized homoleptic first and second row transition
metal complexes with terpyridine ligands covalently connected with a 3-pyridyl unit (Fig.
1.10) [104]. UV-vis absorption spectroscopy displays spin-allowed *MLCT absorption
band for Fe(ll) and Ru(ll) complexes whereas Co(ll) and Cu(ll) exhibit spin-forbidden d-
d transitions. These compounds show their potential for the design of “metallo-ligands as
building blocks” in the field of supramolecular chemistry.

Philippe C. Grossand coworkers synthesized two iron(ll) complexes using
pyridyl-NHC and pyridylquinoline type ligands forming almost perfect octahedral
coordination around the metal center (Fig. 1.11). The internal properties of these
complexes were investigated by ultrafast spectroscopy and TD-DFT calculations [105]. It
was observed that the excited state deactivation was faster than the parent pseudo-
octahedral complex in case of pyridyl-NHC containing complexes. This
unprecedentedresult is because of the increased ligand flexibility which may lower the
energy barrier for the relaxation of *MLCT into the 3MC state.For iron-pyridylquinoline
type complexes, the ligand field was increased but it was not strong enough to shutdown
the prominent deactivation channel into the metal-centered quintet state, as for other Fe-

polypyridine complexes.
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Synthesis of Fe-monomers

DMF, POCl,
R—H

Fe(BF4)2
-_—————
DCM, Acetone

poly-Fe(L2),, M = Fe?* zn?*

Fe(L2),, M = Fe?* zn?*

Fe(L3), poly-Fe(L3),

Fig. 1.8
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2PFg
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Fig. 1.10
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Parent pseudo octahedral complex 1 2

Fig. 1.11

Kari Rissanen and coworkers synthesized a new type of fluorescent terpyridine
ligand covalently connected with alkyne spacer (L) following Sonogashira cross-coupling
reaction in the presence of Pd(PPhs),/Cul catalyst [106].Five transition metal complexes
of compositions, {[FeL,](CF3SO3), (1), [ZnL:](ClO4), (2), [CdL,](CIO4). (3),
[RuL;](PFe)2 (4), and PtMeslL (5)}, were synthesized and characterized by standard
analytical tools as well as by single crystal X-ray diffraction analysis (Fig. 1.12). It was
shown that complexes 1,2 and 3 exhibit distorted octahedral geometry with two
terpyridine units connected via tridentate fashion, while in complex 5, the terpyridine unit
is coordinated to Pt(IV) center via bidentate manner. The Fe(ll), Ru(ll) and Pt(IV)
complexes were found to be non-emissive, whereas both Zn(ll) and Cd(ll) complexes
displaystrong green emission through their ILCT states. Complexes 2 and 3also showed
red-shifted emission as the polarity of the solvent is increased gradually.

Koiti Araki and coworkers performed the photochemical cis—trans isomerization
of a styryl-benzene conjugated terpyridine ligand (vpytpy) through UV-vis and NMR
spectroscopy as well as via travelling wave ion mobility mass spectrometry (TWIM-
MS)[73]. The vpytpy ligand has a very high affinity for transition metal ions, particularly
for Fe?* ions (K,~10%). The addition of excess of Fe?* ion leads to the formation of
[Fe(vpytpy).]** complex due to high ligand field stabilization brought about by high-low
spin transition(Fig. 1.13). The isomerization process became extremely slowfor the Fe(Il)

complex compared with the free ligand because of the generation of low- lying excited
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M = Fe, Zn, Cd
1, 2, 3 respectively

Fig. 1.12

states which in turn drove away the electronic excitation outside the

isomerizationpathways. They performed the photoisomerization of the free
transvpytpyligand upon optical excitation and quenched theproducts upon complexation
with Fe?* ions, and determined therelative contributions of the respective cis-cis, cis-

trans and trans-trans isomers through the use of TWIM-MS spectrometry.

15



Chapter 1

cis-Cis

Fig. 1.13

H.Nishihara and coworkers studied the photo-isomerization behaviors of iron(l1)
complexes based on 2,6-di(1H-pyrazol-1-yl)-4-styrylpyridine both in solution and in
solidphase [74] (Fig. 1.14). The cis-form remains in the high-spin state over the full
temperaturerange studied, whereas thetrans-isomer displays a spin crossoverphenomenon
inthe temperature range of 100-300 K. Thus, they demonstrated the change in magnetic
properties of the complexes upon irradiation with visible light in both solution and solid
states.

Visible light
> 420nm

Solid

Fig. 1.14
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Russell H. Schmehl and his group reported a variety of phenylene-vinylene-
substituted terpyridyl ligands and their mono-, bi-, and trimetallic complexes
incorporating Fe(ll) and Ru(ll) metals [107].In these complexes the lowest-energy
absorption transition is MLCT; intersystem crossing leads to a long-lived triplet excited-
state localized on the ligand (%IL) that serves as the reactive excited state for energy- and
electron-transfer reactions [64].Interestingly, they designed trimetallic complexes of the

type RuFeRu which possess long-lived excited state. (Fig. 1.15) [44].

Fig. 1.15

Hiroshi Nishihara and coworkers thoroughly studied and reviewed the photo-
isomerization behaviors of various photochromic and photosensitive metal complexes
based on terpyridine ligands covalently attached with azo-moiety. Incorporation of metals
leads to enormous change in the isomerization behaviors of pure organic azobenzenes.
The photo-isomerization behaviors were found to be highly dependent on the type of
metals, counter-ions and solvents. The rate as well as quantum yield of the photo-
isomerization of Rh(Ill) and Co(lll) complexes was found to much faster compared with
Ru(ll) and Fe(ll) complexes due to energy transfer from the m-n* excited state to the
MLCT state in the complexes. They also investigated the photo-isomerization behaviors
of several azo-ferrocenyl complexes upon irradiating with both UV and green light (Fig.
1.16) [23]. Interestingly, 3-ferrocenylazobenzene undergoes reversible trans—cis photo-

isomerization accompanied with remarkable change in Fe'"'/Fe' redox potential. Thus, the
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research group of Nishihara contributed significantly for the design of various types of
multi-photo-functionalities based on azo-terpyridine moiety and by incorporating

different type of metal units in the complex architecture.

S )

Fez+ 2+
Fe
» <
546nm light O Q
N=p

N:N

Fig. 1.16

1.5.3 Brief literature survey on Zn(l1)-terpyridine-type complexes

As already mentioned in the previous section, Zn(Il) constitutes an important
class of low-cost and photophysically rich complexes. Because of its d'° electronic
configuration, the Zn(Il)complexes are opticallymore transparent than other d"metal
complexes.Zn(I1)- complexes usually display intense intra-ligand charge transfer (LLCT)
absorption and emission band at relatively low energy [49-52].

Over last few decades, a great variety of Zn(ll) complexes have been designed
with well- defined structures and properties. The properties of the complexes are strongly
influenced by the nature of the ligands, such as their ¢ and © donor/acceptor capacities,
length and rigidity, type of chelating motifs as well as the coordinating atoms. The
literature on the polypyridine complexes of Zn(ll) is quite large and discussion on the
properties of everyindividual complex is very difficult. Early works in this field are
nicely summarized in several reviews and monographs. Therefore, only a few selected
systems which are someway related to our work will be are presented here.

K. Uvdal and co-workers reported four Zn(ll)-terpyridine complexes for the
fabrication of two-photon excited fluorescent bioimaging probes with intense emission,
high photo-stability and low cytotoxicity (Fig. 1.17) [108]. The compounds were

thoroughly investigated both by experiment and theoretical calculations to justify their
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potentiality as efficient two-photon probes for bioimaging. Notably, the experimental
outcomes indicate that complexes 1 and 2 display upgraded two-photon absorption (2PA)
cross sections compared to the free ligand. Additionally, complex 1 has the benefits of
moderate 2PA cross section in the near-infrared region with enhanced two-photon excited
fluorescence, longer fluorescence lifetime, higher quantum vyield and good
biocompatibility. Complex lalso acts as a bioimaging probe for in vitro imaging of
HepG2 cells.

M. Pizzotti and co-workersdesigned novel terpyridine systems by incorporating
substituted stilbene units. By using the ligand, they synthesized bis-terpyridine complexes
of Zn(ll), Ru(ll), and Ir(I1l) metals toinvestigate their second order nonlinear optical
(NLO) properties. They employed electric field induced second harmonic generation

technique (Fig 1.18). Thesecond-order non-linear optical response was found to shift
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Fig. 1.18

from positive to negative upon variation of the metal center [50]. This type of shift was
due to various kinds of charge-transfer (such as MLCT, LMCT or LLCT) transitions.
Hiroshi Nishihara and group designed tripodal bridging terpyridine ligands
{1,3,5-tris[4-(4"-2,2":6',2"-terpyridyl)phenyl]benzene} and synthesized different Zn-
terpyridine complexes upon varying the counter anions in the Zn-salt for the fabrication
of photoactive nanosheets(Fig 1.19) [51]. Zn(BF,4), forms a cationic coordination
nanosheets incorporating the Zn(tpy).unit. But when counter ion of Zn(ll) was substituted
by SO4%, a different type of charge-neutral coordination nanosheet as shown in Fig
1.19was formed. The effect of the counter anions is also reflected in the photophysical
and in particular theluminescence spectral properties of the nanosheet(Fig 1.19). Another
type of Zn(ll) complex was also synthesized with triarylamine-centered terpyridine
ligand for further modulation of luminescence properties of the nanosheet. Thus, this new
class of coordination nanosheets having tpy-Zinc(ll) units can act as a promising

potential photo-functional nanomaterials.
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Zn(BFy),
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Yupeng Tian et al. synthesized and characterized a terpyridine ligand possessing
both donor and acceptor unit and four zinc(11) complexes which are two-photon activated
nonlinear optical (NLO) materials [109]. In view of their precise photophysical
characters, it was observed that the third-order non-linear optical response in the near-
infrared (NIR) region was significantly enhanced for the symmetrical complex compared
with the other asymmetric complexes. The symmetrical Zn(1l) complex also acts as a
two-photon probe in cellular lipid membrane (Fig. 1.20). The fluorescence intensity was
substantially enhanced in presence of selected bioactive liposomes. In essence, the
present metal complexes can act as lipid membrane targeting probes in biological

systems.

el

Fig. 1.20
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Y. Pang and coworkers designed various terpyridine ligands with electron
donating substituent and synthesized their different types of Zn(1l) complexes [110]. The
ligands react readily with ZnCl, and yield Zn(1l) complexes with a 2:1 (ligand-to-metal)
ratio when the concentration of Zn(ll) ion is less, while 1:1complex in presence of excess
Zn**salt (Fig. 1.21). The photophysical characteristics of the compounds were examined
by various spectroscopic techniques at RT as well as at low temperature. Lowering of
temperature gives rise to significant enhancement of emission intensity due to enhanced
charge transfer characteristics (ICT) brought about by restricting non-radiative channels

at frozen state.

Fig. 1.21

Zhen Ma and coworkers synthesized a wide variety of Zn(ll) complexes derived
from 4’-(substituted-phenyl)-2,2’:6,2”-terpyridine ligands and thoroughly studied their
antiproliferative activities against tumor cells via various spectrochemical tools (Fig.
1.22). The complexes possess interesting and tunable photophysical properties, dependent
on the electronic nature of substituent. The compounds have excellent antiproliferative
activity against four human carcinoma cells. The complexes also possess strong affinity
to bind with DNA via intercalation [111].

R=H, 4-Me, 4-OMe, 4-Ph,
4-p-Tol, 4-OH, 3-OH,
2-OH, 4-COOH, 4-Ms
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R.H. Schmehl and co-workers worked on a large number of terpyridine
derivatives incorporating varying number of phenylene vinylene units which show bright
emission from their singlet n-n* state(Fig. 1.23)[63]. Coordination of the ligands with
Zn(11) ion increases electron delocalization in the complex backbone which is reflected
by the red-shift of the emission maximum compared with the free ligands. They proposed
that the emitting excited exited of the Zn(Il) complexes possess significant charge
transfer character. The luminescence properties of the metal complexes are highly solvent
dependent and displayed significant solvochromism.

[Zn(tvpOR),1**

Fig. 1.23

U.S Schubert and coworkers synthesized ethynylphenyl-substituted terpyridine
ligand and its Zinc (II) complex and thoroughly investigated their photophysical
behaviors (Fig. 1.24). DFT calculations suggest substantial z-electron delocalization
between ethynylphenyland pyridine units upon complexation with Zn(ll) ion.They
utilized the Zn(Il) complex as the model for the design of various photoluminescent and
electroluminescent devices [112].
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Zn(OAc),
NH,PF3

Fig. 1.24

L. Wang and co-workers synthesized and characterized five Zn(ll) complexes
based on 4’-phenyl-2,2°:6°,2”-terpyridine (ptpy) ligands (Fig. 1.25). The para-position of
phenyl group in ptpy was substituted by various electron-donating groups to modulate the
photophysical properties of the complexes. They demonstrated that the emission color of
complexes gradually changes from violet (392 nm) to reddish orange (604 nm) upon
increasing the electron donating ability of the group.The emitting excited state is
predominantly ILCT in nature. They utilized the complexes for the fabrication of

electroluminescent devices [49].

2PF
} R=-CMe3
-OCgHy © @
N
SR
. )
Fig. 1.25

Yunjun Wu and coworkers synthesized a new series of Zn(Il) complexes based on
terpyridine derivative ligand upon varying the counter anion (halides) (Fig. 1.26). Single
crystal diffraction studies indicate the structure became coplanar as the size of the halide
ion increases. [113]. The lowest energy absorption maximum undergoes gradual red-shift
along with quenching of emission intensity. The Zn(Il) complexes also act as biological

imaging agents. The Zn(ll) complexes have low cytotoxicity, good membrane
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permeability and good photostability and they show strong fluorescence in the cytosolic

space in living Hela cells.

ZnX,

X=Cl, Br, | Q

X=Cl DMT-ZnCl,
DMT X=Br DMT-ZnBr,
X=1  DMT-znl,

Fig. 1.26

1.6 A brief survey on the photoisomerization behaviors of stilbene-

appended polypyridine complexes of noble metals

Light-induced reversible trans/cisisomerization across the stilbene unit has
received great attention in the field of photo-responsive functional materials. The
photoisomerization studies of different organic molecules incorporating stilbene moiety
are well documented in literature. Similar studies dealing with coordination complexes
are relatively less in the literature. Among the coordination complexes, most of the
reports are based on noble metals because of their very rich photophysical and
electrochemical behaviors. The research groups of Baitalik, Yam, Nishihara, Lees, lha
and some other researchers thoroughly investigated the photo-isomerization behaviors of
various transition metal complexes involving Re, Rh, Ir, Pt, Ru and Os metals covalently
coupled with the stilbene-, azo-, spirooxazine-, and diarylethylene units [4, 23,26-31,51-
52,71,114-128].In this dissertation, our target is to investigate the photo-isomerization
behaviors of low cost and easily synthesizable photo-switches based on 3d metals such as
Fe and Zn which are very rare in the literature. In the previous sections, we made a brief
survey of the polypyridine complexes Fe(Il) and Zn(Il) metals appended with stilbene
moiety. Among the reviewed complexes, we observed only a limited number of systems
exhibiting photo-isomerization behaviors. Herein, we will present a brief survey onphoto-
isomerization behaviors of some selected noble metal complexes incorporating stilbene

moiety in the complex architecture.
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Baitalik and coworkers designed a new array stilbene-appended hetero- and
homoleptic Ru(Il) and Os(I1) terpyridine complexes and thoroughly investigated their
photophysical, electrochemical and photoisomerization behaviors (Fig. 1.27-1.30) [28-
31]. All the complexes exhibit strong absorption in the visible region due to M(I[)—tpy
charge transfer transitions and several intense bands in the UV region because of intra-
ligand charge transfer as well as m—7_ transitions. The Os(11) complexes exhibit a weak
and broad absorption in the longer wavelength region because of spin-forbidden
electronic transition to the *MLCT state. The complexes display emission at room
temperature due to radiative deactivation of their *MLCT state with reasonably long
lifetime. The Ru(ll) complexes usually exhibit emission within 650-700 nm, depending
upon the nature of co-ligand. For the Os(Il) complexes, the emission band stretched
beyond 700 nm because of the energy gap law. All the complexes also undergo reversible
trans/cis isomerization in presence of either UV or visible light with substantial change in
the absorption and emission spectral behaviors. Solvent- and wave-length dependent
modulation of photo-isomerization behaviors of the complexes was also explored. They
calculated the rate constants and quantum vyield of isomerization for the studied

complexes.

X =H, Me, CI, NOy, Ph

Y =H, @CHg
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X =H, Me, Cl, NO,, Ph
Fig. 1.28

X =H, Me, CI, NO,, Ph
Fig. 1.29

X =H, Me, Cl, NO,, Ph
Fig. 1.30

There are quite a sizeable number of reports dealing with photo-isomerization
behaviors of Re(l)-polypyridyl complexes appended with stilbene moiety. Wrington and
coworkers first reported the isomerization studies of a series of Re(l) complexes of
composition XRe(CO)sL,[where X = CI, Br; L = trans-3-styrylpyridine andtrans-4-
styrylpyridine] (Fig. 1.31)[47].When irradiated with UV light (313 or 366nm), the

complexes underwent trans to cis photoisomerization with higher quantum yield.The
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photo-stationary states were believed to be generated through triplet sensitization and the

quantum yields of isomerization processes were close to those of the free ligands.

X
oC , o L L= \ —
)Re"'"\ t-3-stpy \
oc \L \ Cw
Co t-4-stpy
X =ClI, Br
Fig. 1.31

H. Gray and coworkers reported the photo-isomerization behaviors of
[Re(diimine)(CO)s(dpe)](PFs)(dpe=1,2-di(4-pyridyl)-ethylene) complexes in
dichloromethane(Fig. 1.32) [128]. The forward trans to cis conversion proceeds smoothly
upon irradiation with 350 nm light and the quantum yield of the process being 0.2. 70%

of the cis and 30% of the trans form exit at the photostationary state. The

.
M § Y
\

/” (313 nm, 334 nm, 365 ._
nm, 404 nm, 436 nm) / N——Re—CO
N—Re / — :':

N \ / hv §
5 (255 nm) 7\ ¢ co
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—N  N= =N N= =N N= =" s-/

W= QY A\ U\ X

(bpy) (Me;bpy) (phen) (Me,phen)
Fig. 1.32

reverse process occurred when the solution was irradiated with 250 nm light. It was

observed that the trans forms were non-luminescent whereas their cis forms exhibited

yellow luminescence.
Iha and coworkers designed a wide variety of organometallic Re(l)-carbonyl

complexes and thoroughly investigated their photophysical, photochemical and photo-
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isomerization behaviors through different spectroscopic techniques, viz. absorption,
emission and *H NMR spectroscopy (Fig. 1.33) [123-126].The complexes exhibited
trans—cisisomerization in various light sources like 313 nm, 334 nm, 365 nm, 404 nm
and 436 nm (Fig. 1.33). The quantum yields (® = 0.29-0.38) were found to be
independent on the irradiating wavelength for fac-[Re(CO)s(Mesphen)(trans-bpe)]” and
fac-[Re(CO)3(phyphen)(trans-stpyCN)]*. The proposed isomerization pathway was via
ILirans bpeftrams stpycn State obtained upon internal conversion from
3MLCTRe_,Me4phen/ph2phen(Fig. 1.33b,e) [123-124]. The calculated isomerization quantum
yields for fac-[Re(CO)s(Mesphen)(stpy)]*,fac-[Re(CO)s(bpy)(stpyCN)]* and fac-
[Re(CO)s(dmb)(stpyCN)], were found to be higher with UV light sources (at 315-365
nm, ® = 0.44-0.57) relative to those with visible light (at 404 nm, ® = 0.35-0.39). The
results indicate that the 'IL state predominantly involved in UV light and the major
involvement of IL state in presence of visible light (Fig. 1.33a, ¢ and d) [123, 126].The
backward photoisomerization for all these systems were feasible upon irradiation with
~255 nm light (®=0.15-0.26) [123-126].While the trans forms of fac-
[Re(CO)3(Me4phen)(L)]" are non-luminescent, the cisform exhibited dual emission with
maxima at 498 nm and 525 nm due to radiative relaxation of *lLwesphen and

M LCTRre—sMeaphen EXCited states, respectively [123].
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Yam and coworkers designed various types of Re(l)-diimine complexes bearing
isomerizable units (azo-, -ethenyl or -ethyl motifs) (Fig. 1.34) [114]. The team
meticulously studied the photophysical as well as photoisomerization aspects of the
complexes.Trans-cisisomerization of the complexes across the double bond was observed
in DCM upon irradiation with UV light (A> 350 nm). Upon isomerization, the emission
qguantum vyield increased by ~40 times together with the red-shift of theemission band
(=50 nm). The increment of emission intensity and quantum yield is mainly due to the
restricted energy transfer from excited *MLCT state(s) to the azolethyl unit in the cis

form.
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Patrochino and co-workers reported photophysical and photo-isomerization
behaviors of fac-[Re(CO);(dchHy)(trans-stpy)]+, (dcbH, = 4.,4'-dicarboxylic acid-2,2'-
bipyridine; trans-stpy = trans-4-styrylpyridine)(Fig. 1.35) [127].The quantum yield for
trans to cis isomerization (®_,.) was 0.81+0.08 at 365 nm light irradiation and gradually
decreased on changing the irradiation wavelength towards the visible range. Upon 405
nm light irradiation, the ®,_,was 0.010 = 0.005, which is almost 2 orders of magnitude
lower than that of 365 nm light irradiation. Under visible light irradiation, the low lying
SMLCT state restricts the triplet mechanism for isomerization, whereas UV irradiation
leads to direct population of *IL state and the singlet mechanism became operative which

in turn increases the isomerization efficiency.
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1.7 Objective and scope of the present work

A Dbrief survey of literature indicates that the compounds containing stilbene,
azobenzene, spiropyran, and diaryethyelene unit undergo reversible trans/cisphoto-
isomerization and lead to the generation of a wide range of photo-responsive
materials.Photo-irradiationinduce conformationalchange of the said molecules which in
turn gives rise to remarkable alteration of their photophysical behaviors. The reversible
alteration of the optical as well as emission spectral response of the compounds upon the
action of light of desired wavelength has been utilized for the construction of different
photo-switches. Survey of literature also shows that although lots of studies were
reported with purely organic stilbene derivatives, but similar studies with their
coordination complexes are relatively sparse in the literature. The metal complexes have
the ability to offer a wide range of electronic structures with regard to coordination
sphere, electronic configuration and photophysical and electrochemical behaviors.Thus,
design of photo-switches based on coordination complexes is more advantageous over
their organic counterparts. Among the coordination complexes with stilbene moiety, the
majority of the reports are based on the noble metals (such as Ru, Re, Ir, and Pt) which
are very expensive as well as synthetically challenging [21-31].The primarily objective of
the dissertation is to design suitable base-metal complexes which could demonstrate
similar behavior and can lead to the design of a new class of low-cost and easily
synthesizable photo-switches.

In order to fulfill our objective, a series ofterpyridine derivatives {2-(6-(pyridin-2-
yl)-4-(4styrylphenyl)pyridin-2-yl)pyridine} appended with substituted stilbene units (tpy-
pvp-X) has been designed. Both electron-donating as well as electron-withdrawing
groups were incorporated to the ligand framework to tune their photophysical properties
upon adjusting the HOMO-LUMO energy gap (Scheme 1.1).

X-CHO + BrPh3PH2C

X = H, Mg, Cl, NO,, Ph

Scheme 1.1

33



Chapter 1

The scope of formation of various homoleptic complexes of Fe(ll) and Zn(ll) based on

these tpy-pvp-X ligands are presented in Scheme 1.2-1.3.

X =H, Me, Cl, NO,, Ph
Scheme 1.2

X = H, Me, Cl, NO,, Ph

Scheme 1.3

All the synthesized ligands as well as their Fe(ll) and Zn(Il) complexes will be
thoroughlycharacterized by standard analytical tools and spectroscopic techniques, viz.
elemental analysis, ESI mass spectra, and NMR spectroscopic methods. Detailed
investigation of the photophysical behaviors of the lignads as well as their metal
complexes will be carried out by using UV-vis absorption and both steady state and time-
resolved emission spectroscopic techniques. The redox behaviors of the compounds will
be investigated via cyclic voltammetry (CV) and square wave voltammetry (SWV).

All the ligands as well as their metal complexes possess one or more stilbene units
in their molecular framework. One of the important objectives of this dissertation is to
carry out trans-cis isomerization behaviors of the compounds upon the action of light of
desired wavelength. The mode of photo-isomerization aspects of the compounds are
outlined in Scheme 1.4.The isomerization behavior of the compounds will be monitored

through multiple optical channels (such as absorption, emission and lifetime) as well as
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X = H, Me, Cl, NO,, Ph

X = H, Me, Cl, NO,, Ph

Scheme 1.4

by NMR spectroscopy. Absorption and emission titration profiles will be utilized to
calculate rate constant and quantum yield of the photo-isomerization processes. We will
also use light source of varying wavelength in the UV-vis domain as well as solvents of
varying polarity to fine tune the rate and quantum yield of the isomerization processes.
Another important objective of the present dissertation is to develop smart
molecular systems capable of processing information at the molecular level.As the
terpyridine motif is a versatile coordinating motif, the optical properties of the ligands
could be significantly modulated by the presence of incoming cationic guests as well as
in presence of acid. The stilbene moiety, on the other hand, can induce switching of the
optical properties in both the free ligands as well as their cationic adducts upon
interaction with light. Thus, there remains scope to mimic the functions of advanced
Boolean logic functions by utilizing the optical spectral response of the ligands upon the
action of selected cations as well as light of specific wavelength. Additionally, fuzzy
logic approach could also be implemented to construct an infinite-valued system for
locating the imprecise values between completely true (1) and completely false (0). Thus,
it is expected that the present photo-switchable terpyridine based receptors can act as
potential building blocks for information processing and computation at the molecular

level.
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Finally, the homoleptic complexes of the terpyridine ligands, in particular the
Fe(Il) complexes could undergo decomplexation in presence of the selective anions
(such as CN'and F) and again complexation in presence of Fe?*. This complexation-
decomplexation process is reversible and could be repeated many times. Although the
free ligands are colorless, their Fe(ll) complexes exhibit deep violet color due to
Fe(I)>tpy (') MLCT transition. Thus, the reversible complexation-decomplexation
behaviors of the terpyridine ligands accompanied with the visual color change could be
utilizedfor sensing of selected anions.

The execution of different scopes together with relevant investigations has been
reported in chapter 2-6. Chapter 2 deals with the synthesis and characterization of a series
of terpyridine ligands,tpy-pvp-X (where X = H, Me, Cl, NO,, Ph)covalently coupled with
styryl-benzene and thorough investigation of their photophysical and reversible trans-cis
photo-isomerization behaviors. The photochromic behaviors of the compounds were also
explored and modulated in presence of acid. The "on-off" and "off-on" emission
switching was made possible upon alternate interaction of the compounds with UV and
visible light. Finally, detailed computation work was performed on both the trans and cis
forms of the compounds by employing DFT and TD-DFT methods to acquire deeper
insight about their electronic structures as well as proper assignment of the
experimentally observed absorption and emission bands.

Chapter 3 deals with synthesis, characterization, photophysics, and reversible
trans-cis photoisomerization behaviours of three homoleptic Fe(ll)-terpyridine
complexes, ([Fe(tpy-pvp-X).]°* where X = H, Me, and NO,) covalently coupled with
photo-active styrylbeneze moiety.The complexes undergotrans-trans to cis-cis
isomerization upon treating with both visible and UV light with substantial alteration of
their absorption and emission spectral profiles. The reverse process (cis-cis to trans-
transisomerization)also proceeds, albeit very slowly, on keeping and can be accelerated
upon heating. The isomerization studies were performed in different solvents of varying
polarity to tune the thermodynamic and kinetic aspects of the isomerization process. The
rate, rate constant and quantum yield of photoisomerization were determined in all the

solvents. Computational investigations involving DFT and TD-DFT methods were also
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carried out in their trans-trans, trans-cis and cis-cis forms to understand the electronic
structures and correctly assign the experimental optical spectral bands.

Anion sensing properties of a bis-terpyridine Fe(ll) complex, [Fe(tpy-pvp-Cl),]*
as reported in chapter 3, is thoroughly investigated in chapter 4 in both acetonitrile and
water-acetonitrile (100:1, v/v) media through multiple optical channels and spectroscopic
techniques. Interestingly, the complex acts as chromogenic and fluorogenic receptor for
cyanide (among the other studied anions such as F', CI', Br', I, CN’, OAc’, H,PO,’, SCN",
BF; and CIOy) in predominantly aqueous medium with very low detection limit.

Synthesis, characterization, photophysics, and photo-isomerization behaviors of
three Zn(I1)-terpyridine complexes of the type [Zn(tpy-pvp-X)-]*>* (X = H, Me, and NO,)
are reported in chapter 5. The Zn(1l) complexes show strong absorption bands stretching
up to the edge of the visible domain due to ligand—ligand charge transfer (LLCT)
transitions and strong emission at room temperature in the visible due to radiative
deactivation of *LLCT state having lifetime within 1.0-3.0 ns. The stilbene motifs in the
complexes undergo trans to cis isomerization upon irradiating with UV and visible light
accompanied by significant alteration of their absorption, emission, and *H NMR spectral
profiles. Apart from the variation of electron donating and electron withdrawing
substituent (X), the isomerization studies were also carried out in three different solvents
(DCM, MeCN, and DMSOQ) to further tune their kinetic and thermodynamic parameters.
The rate, rate constant and quantum yield of isomerization were estimated in all the
solvents. The reverse process (cis to trans) also occurs very slowly on keeping but could
be accelerated upon heating. The emission spectral responses upon successive action of
photonic and thermal input were utilized to mimic the function of INHIBIT and
IMPLICATION logic gates.DFT and TD-DFT computational investigations were
undertaken to visualize their electronic structures, correct assignment of the spectral
bands, and mode of isomerization process.

In chapter 6, the terpyridine-stilbene system was utilized to demonstrate multiple
advanced logic functions. Upon using the optical response profile of the receptor in
presence of selected cations as well as light of specific wavelength, we are able to
demonstrate multiple Boolean logic functions such as INHIBIT, IMPLICATION, OR,
NOR and NAND as well as various combinations of them. Of particular interest, we
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utilized the present system for the construction of security keypad locks and memory

devices by maintaining proper sequence of the stimuli and monitoring either absorption

or emission spectral response at a specific wavelength as the output signal. In addition to

various Boolean logic functions, the present system has also been used to demonstrate

fuzzy logic operations for building an infinite-valued logic scheme based the emission

spectral responses upon varying the concentration of cationic (Fe** and/or Zn®*) and

anionic (CN’) inputs.
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2.1 Introduction

There is widespread interest in the design of photochemical molecular devices
whose properties could be modulated upon interaction with external stimuli like light,
pH, and chemical species [1-5]. Among the different stimuli, light is the most convenient
as it is a clean energy source and required wavelength of light can easily be used for
excitation of a particular molecular fragment. Photoswitchable molecules have widely
been used for optical data storage, optoelectronics, and molecular switching devices [6-
12]. Among the photoswitchable materials, photochromic compounds capable of
undergoing light-induced reversible transformation between two forms having
distinguishable color are well known for their promising application in many areas [13-
21]. Some of the most common processes involved in photochromism are pericyclic
reactions, trans-cis isomerizations, intramolecular hydrogen or other group transfer,
dissociation processes and electron transfers (oxidation-reduction). Diarylethenes,
azobenzenes and spiropyrans have been found to be representative photochromic
molecules that undergo a reversible photoreaction between two states, with discrete
conversion and fairly high stability [13-21].

With regard to our recent interest in designing photo-switchable and
photochromic molecule [22-28], we designed in this work a series of terpyridine
derivatives  {2-(6-(pyridin-2-yl)-4-(4styrylphenyl)pyridin-2-yl)pyridine}, wherein a
terpyridine moiety is connected to differently substituted stilbene units at its 4'-position
[27]. Since the discovery of 2,2":6'2"-terpyridine (tpy) in 1932, a variety of terpyridine
derivatives functionalized at different positions have been designed and are found to be
useful building blocks in both organic and inorganic supramolecular chemistry [29-38].
In the design strategy, a stilbene moiety has also been covalently coupled to the 4'-
position of the terpyridine which is capable of undergoing trans-cis isomerization upon
interaction with light. Stilbene-like compounds constitute an important class of photoactive
molecules and one of the best-known cis/trans isomerization model systems [39-46].
Covalent coupling of a stilbene moiety and electron accepting terpyridine moiety through
n-linker induces intramolecular charge transfer (ICT) character in tpy-pvp-X. As the
donor-acceptor system has been proven to be an effective approach to adjust the optical

properties, a variety of electron-donating and electron-accepting groups (X = H, Me, Cl,
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NO,, and Ph) have been incorporated in tpy-pvp-X to tune their photophysical properties.
In the present work, we will thoroughly discuss reversible trans — cis photo-
isomerization behaviors of the said ICT-sensitive fluorophoric receptors in different
solvents of varying polarity. As the receptors contain free pyridine groups with a lone
pair of electrons residing on each of them, we will also be interested to investigate the
influence of protons on the photochromic and photo-isomerization behaviors of the
compounds. Detailed kinetic and thermodynamic aspects of the photo-isomerization
process will also be addressed in the present study. Interestingly, the compounds exhibit
photochromic behavior in both of their free form as well as in their different protonated
forms. Finally, detailed computation work was also performed on both the trans and cis
forms of the compounds by employing DFT and TD-DFT methods to acquire deeper
insight about their electronic structures as well as proper assignment of the
experimentally observed absorption and emission bands.

X = H (1), CHz (2), Cl (3), NO, (4), Ph (5)

Chart 2.1. Chemdraw structures of the compounds under present investigation.

2.2 Experimental
2.2.1 Materials
The chemicals and solvents were procured either from Sigma or from local
vendors.
2.2.2  Synthesis of the styrylbenzene-terpyridine conjugates
A general procedure as described below was adopted for the synthesis of the

styrylbenzene-terpyridine conjugates.
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Synthesis of 4'-(4-Styryl-phenyl)-[2,2';6',2"] terpyridine (tpy-pvp-H) (1)

A mixture of 4'-(2,2":6'2"-terpyridyl-4)-benzyltriphenylphosphonium bromide
(tpy-PhCH,PPh3Br) (0.33 g, 0.5 mmol) and benzaldehyde (0.053 g, 0.5 mmol) was
thoroughly dissolved in dry dichloromethane and was cooled to 0°-5° C under nitrogen
protection. To the mixture, t-BuOK (0.12 g, 1.0 mmol) was added slowly and the
resulting mixture was stirred magnetically for ~12 h. The volume of the resulting solution
was reduced and dichloromethane was completely removed by the addition of methanol.
The crude compound was washed with water, dried in air and purified by silica gel
column chromatography using 10:1 (v/v) CHCI3-MeOH mixture. The compound was
finally purified by recrystallization from CHCI3-MeOH (1:2, v/v) mixture. Yield: 114 mg
(55%). Elemental anal. Calcd. for Cy9H21N3: C, 84.64; H, 5.14; N, 10.21. Found: C,
84.60; H, 5.20; N, 10.08. *H NMR (300 MHz, CDCls, 8/ppm): 8.77(s, 2H, H3'), 8.76-
8.73(m, 2H, H6), 8.68(d, 2H, J = 7.9 Hz, H3), 7.95-7.84(m, 4H, 2H8+2H4), 7.66(d, 2H, J
= 7.4, H7), 7.56(d, 2H, J = 8.0, H11), 7.41-7.30(m, 4H, 2H12+2H5), 7.28-7.23(m, 2H,
1H13+1H9), 7.19(d, 1H, J = 2.4, H10). *C NMR (75 MHz, CDCl;_ & /ppm): 156.23,
155.91, 149.62, 149.07, 138.10, 137.36, 137.13, 136.82, 129.51, 128.67, 127.94, 127.77,
127.54, 126.98, 126. 58, 123.76, 121.34, 118.49. ESI-MS (positive, CHCl3): m/z 412.11
(100%) [(tpy-pvp-H+H]".
4'-[4-(2-p-Tolyl-vinyl)-phenyl]-[2,2';6",2" ] terpyridine (tpy-pvp-Me) (2)

Yield: 56% (120 mg). Elemental anal. Calcd. for C3H23Ns: C, 84.67; H, 5.44; N,
9.87. Found: C, 84.60; H, 5.52; N, 9.91. *H NMR (300 MHz, CDCls & / ppm): 8.76 (s,
4H, 2H3'+2H6), 8.69-8.66(d, 2H, 2H3, J = 7.5), 7.94-7.89 (m, 4H, 2H8+2H4), 7.65-
7.62(d, 2H, 2H7, J = 7.7), 7.46-7.44(d, 2H, 2H11, J = 7.4), 7.38-7.36(t, 2H, 2H5, J = 6),
7.20-7.08(m, 4H, 2H12+H9+H10), 2.37 (s, 3H, -CHs). *C NMR (75 MHz, CDCl; & /
ppm): 156.26, 155.90, 149.65, 149.07, 138.31, 137.72, 137.12, 136.80, 134.35, 129.45,
129.39, 127.50, 126.94, 126.85, 126.50, 123.74, 121.33, 118.46. ESI-MS (positive,
CHClIs): m/z 426.16(100%) [(tpy-pvp-Me+H]".
4'-{4-[2-(4-Chloro-phenyl)-vinyl]-phenyl}-[2,2":6",2"]terpyridine (tpy-pvp-Cl) (3)

Yield: 120 mg (54%). Elemental anal. Calcd. for Co9H2oN3Cl: C,78.10; H, 4.52;
N, 9.42. Found: C, 78.05; H, 4.57; N, 9.38. *H NMR (300 MHz, CDClz &/ ppm) : 8.76(
s, 2H, H3'), 8.72(nr, 2H, H6), 8.69-8.65 (m, 2H, H3), 7.94-7.89(m, 2H, H8), 7.88(t, 1H, J
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= 2.1, H4), 7.85(t, 1H, J = 2.2, H4), 7.79(d, 1H, J = 8.3, H7), 7.64(d, 1H, J = 8.3, H7),
7.47(d, 1H, J = 8.5, H11), 7.37-7.32(m, 3H, 1H11+2H5), 7.26( nr, 1H, H12), 7.21(nr, 1H,
H12), 7.13(nr, 1H, H10), 6.70-6.57(m, 1H, H9). ESI-MS (positive, CHCl3): m/z
446.09(100%) [(tpy-pvp-CI+H)]".
4'-{4-[2-(4-Nitro-phenyl)-vinyl]-phenyl}-[2,2';6",2" ] terpyridine(tpy-pvp-NO,) (4)

Yield: 128 mg (56%). Elemental anal. Calcd. for CooH2oN4O5: C, 76.30; H, 4.41;
N, 12.27. Found: C, 76.38; H,4.46; N, 12.11. *H NMR (300 MHz, CDCl; & / ppm):
8.76(s, 2H, H3'), 8.71(nr, 2H, H6), 8.68-8.65(m, 2H, H3), 8.22(d, 1H, J = 8.2, H12),
8.11(d, 1H, J = 8.1, H12), 7.95(d, 1H, J = 7.8, H8), 7.91-7.85( m, 2H, H4), 7.80(d, 1H, J
=7.9, H8), 7.68-7.63(m, 2H, 1H7+1H11), 7.42-7.18(m, 4H, 1H11+2H5+ 1H7), 6.86(d,
1H, J = 12.2, H10), 6.68(d, 1H, J = 12.3, H9). *C NMR (75 MHz, CDCls, &/ppm):
156.06, 155.93, 149.36, 149.24, 149.07, 146.78, 146.60, 143.94, 143.57, 138.54, 137.87,
136.83, 133.13, 132.46, 129.62, 129.36, 128.66, 127.68, 127.50, 127.38, 126.88, 124.07,
123.83, 123.63, 121.29, 118.56, 118.46). ESI-MS (positive, CHCI3): m/z 457.09 (100%)
[(tpy-pvp-NO+H]".
4'-(4-Styryl-biphenyl)-[2,2';6',2"|terpyridine (tpy-pvp-Ph) (5)

Yield: 134 mg (55%). Elemental anal. Calcd. for C3sH2sN3: C, 86.01; H, 5.16; N,
8.61. Found: C, 86.11; H,4.57; N, 8.55. ESI-MS (positive, CHCI3): m/z 488.21 (100%)
[(tpy-pvp-Ph+H]". Due to solubility limitation of the ligand, its concentration level could
not be reached to the required level for recording any NMR spectrum.
2.2.3 Physical measurements
2.2.3.1 Determination of trans-cis photoisomerization rate constant and quantum yields

A 1l-cm light path length quartz cell was used for the photoisomerization
measurements. The concentration of the compounds was maintained in the range of 1x10°
®> M- 2x10"° M, and the solution was thoroughly degassed with N before photoirradiation
and stirred magnetically during trans-to-cis isomerization. Isomerization studies were
carried out in a photocatalytic reactor designed by Lelesil Innovative Systems by using
both ultraviolet and visible light source. The rate constant of the isomerization process
was evaluated from the absorbance titration data using equation 1 [47-48]
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IN{(Ao -Ax)/(Ar-Ax) }= Kiso t 1)

where Ao, A;, and A, indicate the absorbance at time t = 0, t, and oo, respectively. Kis IS
the rate constant of isomerization and t is the required time for the completion of the
isomerization process. Both kis, and A., were estimated by nonlinear least-square method.
The intensity of the light source was ~0.11 W. Quantum yields (¢) of the isomerization

process were obtained by using the equation 2 [49],
v = (plo/V)(1-10™") )

where |y is the photon flux at the front of the cell, V is the volume of the solution. and
Abs is the initial absorbance.

2.2.3.2 Computational methods

All calculations were performed with the Gaussian 09 program [50] employing
the DFT method with Becke’s three-parameter hybrid functional and Lee-Yang-Parr’s
gradient corrected correlation functional B3LYP level and of theory [51-52] using 6-31G
as well as 6-31g(d) basis set for the compounds. Geometries were fully optimized using
the criteria of the respective programs. To compute the UV-vis transitions of the
compounds, the time-dependent DFT (TD-DFT) scheme was adopted considering the
ground state geometries optimized in solution phase [53-54]. The excitation energies,
computed in DCM were simulated by PCM model [55- 56]. The geometries of the lowest
energy singlet states of the compounds were also optimized in DCM by using TD-DFT
method and employing the PCM models to calculate the emission energies. Orbital and
fractional contribution analysis was done with Gauss View [57] and Gauss Sum 2.1 [58].

Actually, we have checked three functional (B3LYP, BPV86, and CAM-B3LYP)
and two basis sets (6-31G and 6-31G (d)) in our calculations and we have taken that
combination where the calculated data match well with the experimental data. While
calculating the trans-form of the compounds, B3LYP along with 6-31G (d) yield better
results compared with other possible combinations. On the other hand, BPV86 along with

6-31G vyield better results for cis compared with other combinations.
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2.3 Results and discussion

2.3.1 Synthesis and characterization

The photo-switchable compounds, tpy-pvp-X (X = H, Me, Cl, NO,, and Ph) were
synthesized Dby stoichiometric reaction between 4'-(2,2":6',2"-terpyrididyl-4)-
benzyltriphenyl phosphonium bromide (tpyPhCH,PPh3Br) and different 4-substituted
benzaldehyde in dichloromethane in the temperature range of 0-5° C under argon
protection and thoroughly characterized by our recent reported procedure [27]. '"H NMR

spectra indicate all the four compounds exist in the trans form (Fig. 2.1).

2.3.2 Computational investigations

Geometry optimization of tpy-pvp-X (X = H, Me, CI, NOzand Ph) in both of their
trans and cis forms as well as their mono-protonated forms were done by employing
Gaussian 09 program in dichloromethane medium (Fig. 2.2). Three nitrogen atoms of the
terpyridine moiety in each compound adopt transoid conformation to minimize inter

electronic repulsions among the lone pairs on the nitrogen atoms.

Frontier molecular orbital sketch indicates that with few exceptions, the low
energy HOMOs are localized mainly on the styrylbenzene moiety and terminal p-
substituted phenyl group, while the LUMOs are localized predominantly on the
terpyridine and to some extent also on styrylbenzene group in all forms of the compounds
(Fig. 2.3-2.5 and Tables 2.1-2.3).

In nitro derivative, the lowest energy LUMO is localized mostly on nitro-benzene moiety
because of strong electron withdrawing nature of the nitro group (Figs. 2.3c-2.5¢ and
Table 2.3). In the monoprotonated form, the contributions of terpyridine moiety in the
LUMO:s are generally increased to a great extent. On going from the trans to the cis form,
the composition of HOMOs and LUMOs varies to a very small extent. The asymmetric
charge distribution within the molecular backbone in their trans and cis form as well as
trans form of the protonated species can be observed through their electric surface

potential plots (ESP) as shown in Fig. 2.6.

56



Chapter 2

e H(lz)H(13)
H(6) He) 1
H(E
1"| HE) ()4H(4) '?,(7)};(11) | |, hao
b P Wl
| \‘ |w‘.",,ll (l 'Iul RL
tpy-pvp-H N R AN AN L
H§3;)
H(6
H(4) H@2)
Hee) HE)
H(10)
e H(7) HADH(s)
tpy-pvp-Me
H(6) Ha)
HE) HE) H
(12) H(10)
‘ H@ H(1) | (12
ﬁ! H\(3) M)H(?) Hmﬁh ‘l ‘ H(9)
tpy-pvp-Cl - H - } ﬂ N U.J\_JL‘ ,AJJUU;
H(6)
H(5)
HE) || HG) H(7) )q
L HEH®) Ha H<u> HO)
|\ H(er) NH(B /I\\’ }"I'-’! J‘ \M”“ H(li) HO)
tpy-pvp-NO, N AN S Y W T

9.0 8.5 8.0 7.5 7.0 6.5
ppm

Fig. 2.1. *H NMR spectra of tpy-pvp-X (X=H, Me, Cl, NO,) in CDCls.

TD-DFT calculations were also performed and the calculated absorption spectra
together with their experimental spectra are displayed in Fig. 2.7-2.8. For better clarity,
we also presented the calculated results in sticks form. Relevant spectral data along with

the assignment of different peaks are summarized in Tables 2.4-2.5.
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Fig. 2.2. Ground state optimized geometries of the trans-, cis- and mono-protonated trans
forms of tpy-pvp-X in dichloromethane.
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Table 2.1 Selected MOs along with their energies and compositions in the ground state
for tpy-pvp-H (1) and its mono-protonated form [(tpy-pvp-H)+H" ] in dichloromethane.

MO [(tpy-pvp-H)]
Energy/ev % Compositions
trans cis trans cis
Terpy Vinyl- benzal Terpy Vinyl- benzal
phenyl phenyl
LUMO+3 -0.69 -1.52 95.21 2.33 2.46 92.75 3.30 3.94
LUMO+2 -1.26 -1.88 59.38 24.07 16.55 43.87 35.63 20.49
LUMO+1 -1.58 -2.29 99.15 0.84 0.00 99.24 0.75 0.00
LUMO -1.91 -2.44 42.02 44.45 13.51 61.19 32.89 5.90
HOMO -5.64 -5.27 6.42 62.78 30.00 6.55 63.13 30.31
HOMO-1 -6.33 -5.73 99.75 0.24 0.00 98.54 141 0.04
HOMO-2 -6.85 -5.77 46.45 11.68 41.86 99.59 0.39 0.00
HOMO-3 -6.85 -5.92 78.82 13.00 8.18 99.74 0.13 0.12
[(tpy-pvp-H)]+H"
% Compositions
MO Energy/ev trans
trans Terpy Vinyl- benzal
phenyl
LUMO+3 -1.74 50.30 34.47 15.21
LUMO+2 -2.17 89.28 8.49 2.21
LUMO+1 -2.43 73.99 21.43 4.56
LUMO -3.19 99.44 0.50 0.04
HOMO -5.88 5.01 64.46 30.51
HOMO-1 -7.05 99.52 0.42 0.04
HOMO-2 -7.07 0.05 0.13 99.80
HOMO-3 -7.33 16.13 59.32 24.53

Table 2.2 Selected MOs along with their energies and compositions in the ground state
of tpy-pvp-Me (2) and its mono-protonated form [(tpy-pvp-Me)+H] in dichloromethane.

MO [(tpy-pvp-Me)]
Energy/ev % Compositions
trans cis trans cis
Terpy Vinyl- Me- Terpy Vinyl- Me-Benz
phenyl Benz phenyl
LUMO+3 -0.68 -1.64 2.38 2.38 95.24 93.14 341 3.43
LUMO+2 -1.23 -2.07 57.65 25.85 16.49 49.90 31.96 18.13
LUMO+1 -1.57 -2.42 99.15 0.84 0.00 99.15 0.08 0.00
LUMO -1.88 -2.64 44.71 42.89 12.39 54.21 37.38 8.40
HOMO -5.54 -5.13 5.61 58.51 35.87 5.65 57.71 36.63
HOMO-1 -6.32 -5.78 99.75 0.24 0.00 99.66 0.32 0.00
HOMO-2 -6.85 -5.87 46.36 26.50 27.14 98.41 1.56 0.02
HOMO-3 -6.89 -6.03 0.12 0.16 99.72 99.49 0.24 0.26
[(tpy-pvp-Me)]+H"
% Compositions
MO Energy/ev trans
trans Terpy Vinyl- Me-Benz
phenyl
LUMO+3 -1.71 49.76 35.50 14.72
LUMO+2 -2.16 89.34 8.55 2.10
LUMO+1 -2.42 76.00 19.90 4.09
LUMO -3.19 99.46 0.49 0.04
HOMO -5.77 4.46 55.72 39.81
HOMO-1 -7.03 0.00 0.05 99.93
HOMO-2 -7.04 99.36 0.53 0.10
HOMO-3 -7.21 15.44 44.22 40.33
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Fig. 2.3. Schematic drawings of the selective frontier molecular orbitals of trans form of
tpy-pvp-H (a), tpy-pvp-CHs (b) and tpy-pvp-NO, (c) in the ground state in
dichloromethane.
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Fig. 2.4. Schematic drawings of the selective frontier molecular orbitals of cis form of
tpy-pvp-H (a), tpy-pvp-CHs (b) and tpy-pvp-NO, (c) in the ground state in
dichloromethane.
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Fig. 2.5. Schematic drawings of the selective frontier molecular orbitals of mono-
protonated trans form of tpy-pvp-H (@), tpy-pvp-CHs (b) and tpy-pvp-NO, (c) in the
ground state in dichloromethane.
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Table 2.3 Selected MOs along with their energies and compositions in the ground state

for tpy-pvp-NO, (4) and its mono-protonated form [(tpy-pvp-NO,)+H'] in
dichloromethane.
MO [(tpy-pvp-NO,)]
Energy/ev % Compositions
trans cis trans cis
Terpy Vinyl- Nitro- Terpy Vinyl- Nitro-Benz
phenyl Benz phenyl
LUMO+3 -1.19 -1.13 48.75 28.97 22.28 44.25 34.51 21.24
LUMO+2 -1.60 -1.59 99.13 0.87 0.00 99.10 8.80 0.01
LUMO+1 -1.79 -1.78 52.29 28.20 19.51 59.34 29.60 11.05
LUMO -2.76 -2.71 2.88 19.56 77.56 1.55 13.08 85.36
HOMO -5.95 -6.08 8.81 67.54 23.65 10.09 70.46 19.44
HOMO-1 -6.35 -6.34 99.78 0.22 0.00 99.77 0.22 0.00
HOMO-2 -6.96 -6.95 93.67 6.32 0.00 90.13 9.57 0.30
HOMO-3 -7.00 -6.94 3.83 3.35 92.34 87.38 6.91 5.70
[(tpy-pvp- NO)I+H*
% Compositions
MO L Energy/ev trans
trans Terpy Vinyl- Nitro-Benz
phenyl
LUMO+3 -0.86 94.20 2.77 3.01
LUMO+2 -1.05 74.69 7.42 17.88
LUMO+1 -1.67 12.08 25.88 62.03
LUMO -1.96 97.52 1.45 1.02
HOMO -7.51 6.11 68.29 25.59
HOMO-1 -8.43 99.80 0.18 0.01
HOMO-2 -8.93 341 96.11 0.46
HOMO-3 -9.09 25.90 32.78 41.31

The energy level diagrams of HOMOs and LUMOs that are involved in the

lowest energy band in all the three forms (free trans-, mono-protonated trans- and cis) of

the compounds are displayed in Fig. 2.9. The calculated results indicate that with few

exceptions, the two low energy absorption bands arise due to combination of both intra-

ligand charge transfer (ICT) and n-n transitions. But the contribution of ICT is greater

than n-” for the lowest energy band, while the contribution of 7-n" transition is greater

than ICT for the next higher energy band. It is of interest to note that in case of nitro

derivative, both bands possess the higher ICT character and in particular, the bands in the

cis form are predominantly of ICT character. The calculated lowest energy band in the

mono-protonated trans form of the compounds (except nitro-derivative) is found to be
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Fig. 2.6. ESP plots of trans-, mono-protonated trans- and cis forms of tpy-pvp-X (1-5).
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Table 2.4 Selected low energy calculated and experimental absorption bands of tpy-pvp-
H (1) and tpy-pvp-Me (2) in dichloromethane.

Excited Aca/nm Oscillator A expi/NM Key transitions Character
state strength(f) | (exp! M
1cm-1)
trans [(tpy-pvp-H)]

S; 367 1.47 330(38800) | H—L1(99%) ICT, n-n*
S, 307 0.38 289(25800) | H-3—L+2(95%) ICT
cis [(tpy-pvp-H)]

S; 443 0.38 382(10200) | H—L (88%), H—L+2 (10%) ICT, n-n*
Se 363 0.41 316(26500) | H—>L+2 (73%), H—L+3 (12%) ICT, n-n*
Syg 288 0.36 294(25400) | H-8—L+1(20%), H-7—L+1(15%), H- -m*

1— L+3 (17%), H-9—LUMO (6%), H-
5L+ (7%)

trans [(tpy-pvp-H)+H]"

S 399 091 | 413(10100) | H—L+1 (98%) ICT
S 369 0.18 | 327(25600) | H—L+2 (92%), H-1—L (5%) ICT, n-n*
S 325 063 | 289(23300) | H—L+3 (96%) ICT, n-n*
Sis 288 029 | 243(12800) | H-6—L (65%), H-1—>L+2 (5%), Tt

H-4—L+1 (7%)

trans [(tpy-pvp-Me)]

S, 375 1.48 335(48100) [ H—L(99%) ICT, n-1*
S, 311 0.45 286(29100) | H—L+2(96%) ICT, n-m*
cis [(tpy-pvp- Me)]

S 458 0.37 390(15100) | H—L(89%), H—L+2(9%)
Ss 372 0.39 321(37100) | HHL+2(72%), H>L+3(17%) ICT, n-1*
Sy 288 0.44 293(31500) | H-7—L+1(47%), H-1-L+2(10%), H-| ICT, n-n*

1-L+3 (15%), H-9—L (6%)

trans [(tpy-pvp-Me)+H]"

S, 411 0.89 | 420(15800) | H—L+1 (98%) ICT, n-nt*

S 331 055 | 332(47400) | H—L+3 (80%), H-5—L (8%), ICT, n-n*
H-4—L (9%)

Sis 288 0.24 | 290(41600) | H-6—L (53%), H-4—L+1 (19%), T

H-2—L+2 (98%)

considerably red-shifted compared with their respective free forms (Fig. 2.7). This is due
to enhanced strylbenze—terpyridine ICT character as the contribution of LUMO
increased substantially upon protonation. In case of nitro, the LUMO is primarily
localized in nitrobenzene unit in both of their free and protonated form, although the
contribution differs. Thus, in nitro-compound, the ICT is primarily due to strylbenzene—
nitrobenzene charge transfer. Interestingly, the calculated lowest energy band in the cis

form of the compounds is again profoundly red-shifted (with the exception
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of nitro) relative to both free trans and mono-protonated trans form of the compounds

(Fig. 2.7-2.8).
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Fig. 2.7. Overlay of the calculated (dotted lines) and experimental (solid lines) absorption

spectra of trans (red) and cis (blue) form of tpy-pvp-X with X=H (a), Me (b), Cl (c) and

NO; (d) in dichloromethane. Calculated results are also presented in the sticks form.

We also performed optimization of the geometries of the compounds (both cis and

trans and protonated trans forms) in their lowest singlet (S;) excited state by adopting

TD-DFT methodology to understand their emission characteristics (Fig. 2.10 and Table

2.6). The calculated emission maximum in all forms is summarized in Table 2.6. It is

observed that calculated emission maximum gets red-shifted on going from the trans to

the cis form along with considerable decrease in intensity in each case. By considering

the participation of LUMOs and HOMOs, it appears that the emitting excited state of the
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dichloromethane.
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Table 2.5 Selected low energy calculated and experimental absorption bands of tpy-pvp-
Cl (3), tpy-pvp-NO; (4) and tpy-pvp-Ph (5) in dichloromethane.

Excited | Acu/nm Oscillator A exft/nm (eexpt! | Key transitions Character
state strength () | M cm™)
trans [(tpy-pvp-Cl)]
S; 368 1.68 325(42100) | H—>L(99%) ICT, n-1t*
S4 307 0.28 287(39100) | H-3—L+2(95%) n-n*, ICT
cis [(tpy-pvp-C)]
S, 450 0.83 373(15200) [H—L (79%), H>L+2 (19%) ICT, n-1*
Se 376 0.91 317(38000) |H—L (16%), H>L+2 (66%), H-4—L| ICT,n-n*
(4%), H—L+3 (6%)
Se 284 0.28 294(39400) |H-9—L(56%), H-7—L+1(11%), H- T
1—-L+3 (10%), H-4—L+1 (8%)
trans [(tpy-pvp-Cl)+H]"
S, 396 1.10 396(16500) | HHL+1 (98%) ICT, n-n*
Sy 363 0.14 356(29500) | HHL+2 (97%) ICT
Sg 325 0.59 326(36100) | H—L+3 (95%) ICT, n-n*
Sis 288 0.31 288(37600) | H-6—L (69%), H-1—>L+2 (11%), n-m*
H-3—5L+1 (5%)
trans [(tpy-pvp-NO,)]

S; 426 1.36 361(25320) H—L(99%) n-n*, ICT
S, 326 0.45 284(26040) H—L+1(92%) ICT, n-n*
cis [(tpy-pvp-NO,)]

S; 416 0.49 320(22700) H—L (99%) ICT
S3 319 0.33 292(25000) H-4—>L (10%), H-2—L(28%), ICT, n-n*
HoL+1(49%)
trans [(tpy-pvp-NO,)+H]"

S; 341 1.87 360(26200) | H—L+1 (82%), H—L (7%) ICT
S, 288 0.33 285(23640) | H-1—L(58%),H—L(19%), H-6—L (8%) n-m*
Siz 247 0.37 235(25060) | H-7—L (10%), H-6—L (20%), -

H-15L+3 (14%)

trans [(tpy-pvp-Ph)]

St 389 1.94 346(35700) | H—L(99%) ICT, n-r*
S 322 0.31 280(14700) | H—>L+2(97%) ICT, n-r*
Si6 266 0.29 236(18400) | H-2—L+1 (66%)), H-6—L+1 (9%), H- n-m*

1—L+2 (8%)

cis_[(tpy-pvp-Ph)]

S; 471 0.46 391(9800) H—-L(89%), H>L+2(8%) ICT, -n*
S3 391 0.51 330(22100) | HHL+2(83%), H—L(8%) ICT, -n*
S 296 0.34 292(15700) H-10—L(42%), H—-L+5(18%), H- n-m*

35L(7%), H-3—L+2 (8%)

trans [(tpy-pvp-Ph)+H]"

S, 421 1.23 425(11380) | H—L+1 (97%) ICT, n-n*
Se 344 0.66 331(22100) | H—L+3 (96%) ICT, n-n*
Sx 287 0.31 283(15700) | H-8—L (70%), H-3—L+2 (13%), T-m*

HoL+4 (7%)

compounds are predominantly ‘z-z" in character, although some ICT character is also

involved therein. In addition to the presence of an intense emission bands within the

range of 398-420 nm corresponding to the free trans forms, the protonated compounds

also exhibit a very weak band in the longer wavelength region (495-591 nm).
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Fig. 2.10. Excited state optimized geometries of the trans-, cis- and mono-protonated
trans forms of tpy-pvp-X in dichloromethane.
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Table 2.6 Calculated and experimental emission bands of tpy-pvp-X (1-5) in
dichloromethane.

Excited Aca/nm Oscillator A expd/NM Key transitions Character
state strength(f)
trans [(tpy-pvp-H)]
S | 459 | 1.92 | 398 | L>H(99%) | ICT, n-n*
cis [(tpy-pvp-H)]
S | 508 | 1.02 | 540 | L>H (98%) | ICT, n-n*
trans [(tpy-pvp-H)+H']
Sas 698 0.02 552 L—H(100%) ICT
Sas 439 1.27 398 L+1—H(96%) | ICT, n-n*
trans [(tpy-pvp-Me)]
S1 | 466 | 1.97 | 410 | LoH(99%) | n-n*, ICT
cis [(tpy-pvp-Me)]
S1 | 515 | 1.03 548 | L>H(97%) | n-n*,ICT
trans [(tpy-pvp-Me)+H"]
Sas 740 0.02 575 L—H(100%) ICT
Sas 452 1.22 410 L+1—H(97%) | ICT, n-n*
trans [(tpy-pvp-Cl)]
S, | 464 | 2.05 | 398 | LoH(99%) | n-n*,ICT
cis [(tpy-pvp-Cl)]
S, | 521 | 1.01 | 531 | L->H (98%) | n-n*,ICT
trans [(tpy-pvp-CI)+H"]
Sas 479 0.02 542 L—H(99%) ICT
Sas 439 1.49 398 L+1—H(96%) | ICT, n-n*
trans [(tpy-pvp-NO,)]
S1 | 510 | 1.74 | 420 | L>H(98%) | ICT, n-n*
cis [(tpy-pvp-NO,)]
S1 | 529 | 0.88 | 500 | L>H (99%) | ICT, n-n*
trans [(tpy-pvp- NO,)+H"]
S 448 2.03 495 L—H(90%) ICT
L+1—H(5%)
trans [(tpy-pvp-Ph)]
S1 | 497 | 2.38 | 420 | L>H(97%) | ICT, n-n*
cis [(tpy-pvp-Ph)]
S1 | 543 | 1.19 | 487 | L>H (99%) | ICT, n-n*
trans [(tpy-pvp- Ph)+H"]
S0 748 0.02 591 L—H(99%) ICT
Su 469 1.69 420 L+1—H(97%) | ICT, n-n*

2.3.3

Experimental absorption and emission spectra

Absorption and emission spectra of the compounds were acquired in few selected

solvents and the necessary photophysical data are summarized in Table 2.7-2.8. The

spectra of the compounds in dichloromethane are displayed in Fig. 2.11(a and b), while

the spectra in other solvents are presented in Figs. 2.12-2.14. Spectral features are

basically similar with small variation of peak position and intensity, depending upon the

electronic nature of the substituent X.
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Table 2.7 Absorption and emission spectral data of tpy-pvp-X (1-5) in dichloromethane.

Compounds Free Condition After photolysis
Absorption Luminescence Absorption Luminescence
Amay/nm (¢/ M ' cm™) Amay/nm (¢/ M cm™)
Amax t/ns O] Amax t/ns D
/ /nm
nm
1 330(38800),288(25830) | 398 1.05 0.33 [382(10200),316(26500), [540 |1,=2.10(88%),]0.011
294(25400) 1,=3.37(12%)
2 335(48100),289(29100) | 410 1.06 0.39 [390(15100),321(37100), [548 |1,=0.60(56%), |0.010
294(31500) 1,=3.90(44%)
3 325(42100),287(39100) | 398 1.00 0.19 [373(15200)317(38000), [531 |1,=1.65(76%),]0.007
294(39400) 1,=5.69(24%)
4 361(25320),284(26040) | 420 0.86 0.04 [355(17850),283(28650) [495 [1,=1.20(72%),|0.006
1, =6.77(28%)
5 346(35700),282(14700) | 418 0.98 0.36 [391(9800),330(22100), (487 [1,=0.91(57%),|0.006
294(15700) T, =2.77(43%)
1+H* 413(10100),327(25600), [ 398 [,=1.01(78%), 382(13300),317(30200), [540 [r,=2.07(85%),[0.005
289(23300) 7, =1.95(22%) |0.011|294(27400) 7, =3.21(15%)
552 (3.24
2+H" 420(15800),332(47400), | 410 |,=1.51(77%), 390(23800),321(56380), [525 |1,=0.60(41%), [0.006
290(41600) 7, =4.09(23%) |0.009|294(48527) 7, =3.91(59%)
57512.90
3+H* 396(16500),356(29500), | 398 [1.12 0.060[374(25300),320(52800), [547 |1,=1.12(86%), [0.012
326(36100),288(37600) 525350 294(45800) 1, =5.14(14%)
4+H* 360(26200), 420 |1,=0.82(63%), 355(18600),287(19900) [495 |r,=0.66(45%), [0.004
285(23640), 235(25060) 7,=1.10(37%) |0.028 7, =1.80(55%)
495 (1.86
5+H* 425(11380),331(22100), | 420 [1.00 0.007393(15420),327(33600), [505 |1,=0.92(79%), [0.002
283(15700) 5911538 293(20000) 1,=2.80(21%)

Considering the contributions of HOMOs and LUMOs and differences in the ground and

excited state dipole moments (Table 2.9) as well as the experimental data of the

structurally related systems, the lowest energy absorption band observed between 325 nm

(for 3) and 361 nm (for 4) can be assigned mainly as intra-ligand CT, although substantial

amount of n—n* character is also mixed therein. The next higher energy band located in

the range of 282-289 nm is again admixture of ICT and =-rt* transitions, although the

contribution of m—r* transitions is greater than ICT for this band (Fig. 2.11a). It is found

that the correlation between TD-DFT calculated results and experimental spectra are

reasonably good (Fig. 2.7).
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Table 2.8 Photophysical data of tpy-pvp-X in four different solvents.

Compounds Solvents | Absorption Aya/nm, &/ Luminescence
Mtcem™ Amax (M) [T, N8 | @
1 DCM 330(38800),288(25830) 398 1.05 |0.33
DMSO | 332(34270),295(27550) 419 1.28 | 0.22
MeCN 328(34000),286(21620), 410 1.40 | 0.15
236(20950)
MeOH | 328(35190),286(25940), 425 147 |0.18
235(25440)
2 DCM 335(48100),289(29100) 410 1.06 | 0.39
DMSO | 341(47000), 287(33500) 432 1.38 | 0.16
MeCN 332(21800), 284(13200) 422 1.25 |0.13
MeOH | 334(35500), 287(26000) 440 143 |0.14
3 DCM 325(42100),287(39100) 398 1.00 | 0.19
DMSO | 330(61800), 287(59200) 414 120 | 0.15
MeCN 321(39000), 286(38300) 411 1.13 | 0.10
MeOH | 318(58600), 286(73200) 422 1.37 | 0.12
4 DCM 361(25320),284(26040) 420 0.86 | 0.04
DMSO | 371(43200), 287(32300) 431 091 |0.03
MeCN 361(32600), 284(24300) 416 0.94 | 0.02
MeOH | 359(22900), 284(17300) 423 1.09 | 0.01
5 DCM 346(35700),282(14700) 418 098 |0.36
DMSO | 353(43000), 287(20700) 437 1.19 |0.15
MeCN 334(24200), 282(23700) 425 1.12 | 0.09
MeOH | 338(9100), 281(9600) 442 1.33 | 0.04
@ 1) e
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Fig. 2.11. UV-vis absorption and normalized emission spectra of tpy-pvp-X (a and b,
respectively) with X=H (1), Me (2), CI (3), NO, (4) and Ph (5) in dichloromethane.
Excitation wavelength for recording emission spectra of the compounds is 330 nm.
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Fig. 2.12. UV-vis absorption (a) and normalized emission (b) spectra of [tpy-pvp-H] in
different solvents. Inset to figure b shows the decay profiles and lifetimes. Excitation
wavelength for recording both steady state emission spectra and excited state lifetime of
the compound is 330nm
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Fig. 2.13. UV-vis absorption (a) and normalized emission (b) (inset lifetime) spectra of
[tpy-pvp-Me] in four different solvents. Inset to figure b shows the decay profiles and
lifetimes. Excitation wavelength for recording steady state emission spectra of the com-
pounds is 330 nm.
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Fig. 2.14. UV-vis absorption (a,b) and normalized emission (c,d) spectra of [tpy-pvp-
NO;] in four different solvents. Inset to figure b shows the decay profiles and lifetimes.
Excitation wavelength for recording steady state emission spectra of the compounds is
330 nm.
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Table 2.9 Dipole moment values in both the ground and excited states of the compounds
in their trans, protonated trans and cis forms.

Compounds Dipole Moment/ Debye Dipole Moment/ Debye
(Ground State) (Excited State)
tpy-pvp-H 1.6957 0.7015
(trans)
tpy-pvp-H 1.8682 1.7550
(cis)
tpy-pvp-H+H" 21.7489 21.3228
(trans)
tpy-pvp-Me 0.9211 0.3632
(trans)
tpy-pvp-Me 2.0083 1.6615
(cis)
tpy-pvp-Me+H* 22.6297 22.0688
(trans)
tpy-pvp-Cl 4.4906 3.5540
(trans)
tpy-pvp-Cl 3.1625 2.4614
(cis)
tpy-pvp-Cl+H" 27.2495 26.5855
(trans)
tpy-pvp-NO, 9.1186 11.0980
(trans)
tpy-pvp-NO, 7.0748 8.5236
(cis)
tpy-pvp-NO+H" 32.8391 33.3476
(trans)
tpy-pvp-Ph 1.6360 0.6620
(trans)
tpy-pvp-Ph 1.8760 1.4019
(cis)
tpy-pvp-Ph+H* 29.6750 29.0502
(trans)

Upon excitation on either of the two absorption maxima, an intense emission band
lying between 398 nm (for 1, 3) and 420 nm (for 4) was observed (Fig. 2.11b). The
guantum yield of emission varies between 0.04 and 0.39, depending upon the electronic
nature of the compound as well as the nature of solvents. Emission lifetime of the
compounds recorded upon exciting with 330 nm Nanoled showed that all the compounds

exhibit mono-exponential decay profile with lifetimes very close to 1.0 ns (Table 2.7-2.8
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and Figs. 2.12-2.14). Result of the TD-DFT calculation in the previous section suggest
that the emitting excited state of the compounds is predominantly ‘z-z" in character
although some ICT character is also involved therein. In addition, correlation between the
calculated and experimental emission energy is observed for all the compounds (Table
2.6).

It is observed that the compounds exhibit small solvatochromic shift (~50 nm)
with the increase of solvent polarity indicating some charge transfer characteristics of the
emitting excited states (Table 2.8 and Figs. 2.12-2.14). Increase of lifetime, although to a
very small extent, in more polar solvents also indicates CT state of the emission
processes.

2.3.4 Proton binding studies of the compounds

As the receptors contain three nitrogen atoms in the terpyridine moiety with a
lone pair of electrons residing on each of them, we are interested to investigate the
influence of protons on the photophysical as well as photochromic behaviors of the
compounds in different solvents (DCM, MeOH, MeCN, and DMSQO). Absorption and
emission titrations experiments were performed upon incremental addition of H* to obtain
quantitative information about the interaction process (Fig. 2.15-2.17). Upon progressive
addition of acid, diminution of the intensity of the major peak within the range of 330-
361 nm (depending on electronic nature of X) occurs and at its expense a new band in the
visible region (396-425 nm) is evolved and gradually intensified up to the addition of 1
equiv of acid. Continued addition of acid leads to small blue-shift of the lowest energy
band with concomitant increase of band intensity within 320-340 nm and finally saturated
upon addition of 3 equiv of acid. In emission side, gradual quenching of the original
emission peak is observed along with emergence of a new broad peak in the longer
wavelength region (495-591 nm), with incremental addition of acid in the first step. By
contrast, the emission intensity of both the bands gradually decreased and finally almost
guenched in the second step (Fig. 2.15d-2.17d). Thus, two-step changes along with
requirement of 3 equiv of acid for reaching the saturation point probably indicates the
presence of mono-, bi- as well as tri-protonated species of the compounds. Absorption
and emission spectra of all the compounds in DCM at the saturation point of the first

protonation step are presented in Fig. 2.18(a and b). As the emission band is fully
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quenched in the second stage of protonation, we presented only the absorption spectra of

all the compounds at the saturation point of the second protonation step in Fig. 2.19.
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Fig. 2.15. UV-vis absorption and emission (a and b, respectively for the first step, while ¢
and d, respectively for the second step) spectral changes of tpy-pvp-H (1) in
dichloromethane upon incremental addition of H*. Inset to figure a and ¢ shows the
absorbance vs. equivalent of acid plot, while inset to figure b and d shows emission decay
profiles and lifetimes of the compound. Excitation wavelength for recording both
emission spectra and lifetime are 330 nm.

It is observed that among the studied solvents, the compounds exhibit a strong
band in the visible region, assignable to ICT only in DCM with evolution of bright
yellow colour in presence of acid (Fig. 2.20). The extent of spectral change is much less
in other solvents with requirement of more acid to reach the saturation point which is
probably due to competitive hydrogen bonding interaction with MeOH, MeCN and

DMSO. With the exception of nitro-derivative, red-shift of both absorption and emission
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band is observed upon protonation, albeit in different extent, which is due to enhanced
styrylbenzene—protonated tpy CT process as protonated tpy is a better electron acceptor
than free tpy in the compounds. In contrast to others, ICT process in the nitro-compound
predominantly occurs from styrylbenzene moiety to the nitrobenzene unit. DFT and TD-
DFT calculations also support this proposition. Interestingly, the lowest energy
absorption and emission energy in the first stage of protonation increases systematically
with the increase of electron withdrawing nature of X and a linear correlation is obtained
by plotting the energy of the band maxima in DCM and Hammett o, parameters (Fig.
2.21a,b).
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Fig. 2.16. UV-vis absorption and emission (a and b, respectively for the first step, while ¢
and d, respectively for the second step) spectral changes of tpy-pvp-Me (2) in
dichloromethane upon incremental addition of H*. Inset to figure a and ¢ shows the
absorbance vs. equivalent of acid plot, while inset to figure b and d shows emission decay
profiles and lifetimes of the compound. Excitation wavelength for recording both
emission spectra and lifetime are 330 nm.
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Fig. 2.17. UV-vis absorption and emission (a and b, respectively for the first step, while ¢
and d, respectively for the second step) spectral changes of tpy-pvp-NO; (4) in
dichloromethane upon incremental addition of H*. Inset to figure a and ¢ shows the
absorbance vs. equivalent of acid plot, while inset to figure b and d shows emission decay
profiles and lifetimes of the compound. Excitation wavelength for recording both
emission spectra and lifetime are 330 nm.
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Fig. 2.18. UV-vis absorption (a) and normalized emission (b) spectra of tpy-pvp-X at the
saturation point of first protonation step with X=H (1), Me (2), ClI (3), NO; (4) and Ph (5)
in dichloromethane. Excitation wavelength for recording emission spectra of the
compounds is 330 nm.
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Fig. 2.19. UV-vis absorption spectra of tpy-pvp-X at the saturation point of second
protonation step (3 equiv of acid) with X=H (1), Me (2), Cl (3), NO, (4) and Ph (5) in

dichloromethane.
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Fig. 2.20. Change in UV-vis absorption (a, b, ¢, d) and emission (e, f, g, h) spectra of
[tpy-pvp-H] in various solvents upon incremental addition of H*. Excitation wavelength
for recording steady state emission spectra of the compound is 330 nm.
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Fig. 2.21. Plot of energy of absorption and emission maxima of trans form (in their first
protonation step) of tpy-pvp-X (a and c respectively) and their cis forms (b and d,
respectively), where X= H (1), Me (2), Cl (3) and NO; (4) vs. Hammett o, parameters
with linear least—squares fit to the data.

Lifetimes of selected compounds were acquired at two wavelengths [(i) 398-420
nm and (ii) 495-591 nm] upon incremental addition of acid. Although the steady state
emission intensity gradually decreases within 398-420 nm corresponding to the emission
of the free compounds but the lifetimes remain almost unaltered with H*. On the other
hand, in line with the steady state spectra, lifetime also gradually increases when the
emission was monitored within 495-591 nm corresponding to that of the protonated
species (Inset of Fig. 2.15 b,d -2.17 b,d).

2.3.5 Photo-isomerization studies

All the compounds in the present study possess a styrylbenzene unit and are thus
expected to undergo trans-cis isomerization induced by light. Isomerization studies were
performed in dichloromethane and visualized through absorption and both steady state and

time-resolved emission spectroscopic techniques. Upon irradiation with UV light, the
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intensity of the lowest energy absorption band (except nitro derivative) gradually
decreases along with small blue-shift and at its expense, a new broad absorption band
arises at the lower energy region (in the range of 373-391 nm) and gradually intensified
and finally saturates upon photolysis of ~30 min (Fig. 2.22a, b and Fig. 2.23a). The
observed spectral change is due to trans—cis isomerization process. Presence of well-
defined isosbestic points in each case clearly indicates that only two species are exchanging
during the photo-isomerization process. The percentage change in abundance of trans form
of [tpy-pvp-Me] (2) and [tpy-pvp-NO2] (4) during photolysis is shown in Fig. 2.24. In the
emission side, almost complete quenching of emission (within 398-420 nm) along with
red-shift of the band occurs in all cases upon photolysis (Fig. 2.22c,d and Fig. 2.23b).
Although the steady state emission intensity of the complexes decreases substantially,

the lifetime of the compounds increases to some extent on going from trans to cis form
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Fig. 2.22. Changes in UV-vis absorption and emission spectra of tpy-pvp-H (1) (a and c,
respectively) and tpy-pvp-CHs; (2) (b and d, respectively) in dichloromethane upon
irradiation with UV light. Emission decay profiles along with lifetimes are given in the
insets of figures ¢ and d. Excitation wavelength for recording both emission spectra and
lifetimes is 330 nm.
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and the extent of increase depends upon electronic nature of the substituent, X (Table 2.7).
It is of interest to note the enhancement of lifetime is highest with strongly electron
withdrawing nitro-compound. The reverse cis—trans isomerization process proceeds
slowly upon irradiating the UV treated solution with visible (atZ~ 400 nm) light and
original spectrum reappeared again upon irradiation for about an hour.

0.4

(a) (b) 1000 é\ 7,/ns 7,/ns
:1! —_— 0.98
Sose 1
20 sec 8x10° A i
40 sec — g
1200 500 S it
© i
wn 0.24 ~ L
Q E o 10 20
<C = 4x10°- ns
—1
o

1 2 A' \ = -
250 300 350 400 450 400 450 500 550 600 650

A (nm) A (nm)

0.0

Fig. 2.23. Changes in UV-vis absorption (a) and emission (b) spectrum of tpy-pvp-Ph (5)
in dichloromethane upon irradiation of UV light. Emission decay profiles along with
lifetimes are given in inset of figure b. Excitation wavelength for recording both steady
state emission spectra and excited state lifetime of the compounds is 330 nm.
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Fig. 2.24. Changes in abundance of trans—-cis of [tpy-pvp-Me] (2) and [tpy-pvp-NO,]
(4) during irradiation with UV light.
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The behaviour of the nitro compound is quite different from the rest of the
compounds. Upon irradiation with UV light, two-step changes are observed in both
absorption and emission spectrum compared with one-step change for the remaining
compounds (Fig. 2.25). In the first step, the lowest energy band at 361 nm gradually
decreased in intensity and at its expense the intensity of the band at 285 nm increased and
during this process successive absorption curves were found to pass through a well
defined isosbestic point at 315 nm (Fig. 2.25a). In the second step, the intensity of the
broad band in the range of 310-360 nm increased gradually, while the intensity of the
band at 285 nm decreased along with small red-shift and the absorption lines in this step

also pass through a new isosbestic point at 295 nm (Fig. 2.25b).
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Fig. 2.25. Changes in UV-vis absorption (a and b) and emission (c and d) spectra of tpy-
pvp-NO; (4) in dichloromethane upon irradiation with UV light. Emission decay profiles
along with lifetimes are given in inset of figure c. Excitation wavelength for recording
both emission spectra and lifetime is 330 nm.
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The structured emission band for the nitro compound with its maximum at 420
nm increased to some extent in the first step (Fig. 2.25c), while the intensity of the said
band quenched to a significant extent with broadening and red-shifting to 495 nm in the
second step (Fig. 2.25d). The exact reason of the two-step changes for the nitro-derivative
IS not very clear to us. The first step change which completed within 5 min is most likely
due to trans—cis isomerization of the double bond, while the second change is probably
associated with transformation of nitro (-NO,) to some other form such as nitroso (-NO)
along with the generation of aryl-oxo free radical and ultimately to the phenolic form (-
OH) in presence of light, although no direct proof of the hypothesis could be given [59].

Except nitro, all the compounds are colorless in their original trans forms and became
light yellow in color upon photo-isomerization to their respective cis forms and thus exhibit
photochromic behavior (Fig. 2.26). Distinct emission color changes were also clearly
observed under UV illumination (Fig. 2.26). The initial trans form of the compounds are
strongly fluorescent, while their final cis forms after photolysis exhibit very weak

emission, which are in line with the usual trend observed in trans stilbene—cis stilbene
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Fig. 2.26. Color changes that are observed in naked eye (ab,c) and under UV
illumination (d,e,f) of tpy-pvp-X [H (1), Me (2), CI (3), NO;, (4) and ph (5)] in their
trans-, mono-protonated trans- and cis- forms. t and ¢ correspond to trans- and cis- forms
of the compounds.
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conversion (Table 2.7) [60-62]. Interestingly, isomerization from trans to cis leads to
emission gquenching, while from cis to trans form gives rise to restoration of the original
emission. Thus, the compounds display "on-off" and "off-on™ emission switching upon
alternate interaction with UV and visible light.

Few important points need to be mentioned here. In contrast to their trans form,
the lowest energy absorption and emission energy of the cis form of the compounds
increases systematically with the increase of electron withdrawing nature of X and a linear
correlation is obtained between the energy of band maxima and Hammett o, parameters
(Fig. 2.21b,d). The experimental absorption spectral trend as a function of the substituent
at the para position of the terminal phenyl group is reproduced by the calculated results
(Fig. 2.7). Experimentally observed blue-shift of the lowest energy absorption bands and
newly generated band in the longer wavelength region (~373-391 nm) upon photolysis is
also in-line with calculated results (Fig. 2.7). In addition, experimentally observed red-
shift of the emission band along with substantial quenching upon photolysis is also nicely
reproduced by calculations (Table 2.6).

The rate constants of the trans—cis isomerization processes were estimated from
absorption titration data and with the help of equation 1. The rate follows first order
kinetics and the estimated values were found to vary between 1.17x10% s and 1.39x107
s, depending upon the electronic nature of the substituent X (Table 2.10). The quantum
yields of trans—cis photoisomerization process were also measured and the values are in
general low and vary between 1.54x10 and 2.35x10™* (Table 2.10). It appears that the rate
constant and quantum yield of photo-isomerization of nitro-compound (4) is one order of
magnitude higher than the rest of the compounds probably because of its strong withdrawing
property of the NO, group. We also estimated the free energy of activation (AG”) of the
photo-isomerization processes from the values of the rate constants and utilizing Eying's
theory of absolute reaction rates and the calculated AG” values of the isomerization

processes are summarized in Table 2.10.

AG 98¢ = 298R{In(ks298/h.Kiso) } (3)
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Apart from variation of electron donating and electron withdrawing substituent, we also

interested to modulate the kinetics and thermodynamic aspects of the photo-isomerization

process by other means. To this end, we carried out the isomerization studies of a

representative compound (tpy-pvp-H) in four different solvents (DCM, MeOH, MeCN,
and DMSOQ) to check the influence of solvent polarity as well as viscosity on the rate of
isomerization process. The spectral profiles and related parameters are provided in Fig. 2.27

and Table 2.11.

Table 2.10 Rate constants, quantum yield and free energy of activation of the trans— cis
photo-isomerization process of tpy-pvp-X (1-5) and its mono-protonated form in DCM.

tpy-pvp-X tpy-pvp-X +H"
comp | Mnm | kix10® | ®x10° | AGY | Mn | kiux10® | @®x10* | AGY
ds /st kimol* | m /st kJmol™*
1 330 1.61 2.35 88.92 382 2.53 129 87.80
2 335 1.65 2.05 88.86 390 1.59 5.18 88.95
3 325 2.07 1.62 88.29 325 2.74 4,52 87.60
4 361 11.7 15.4 84.00 360 10.2 13.7 84.34
5 346 1.39 1.31 89.28 450 1.87 6.39 88.54
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Fig. 2.27. Changes of UV-vis absorption (a-d) and emission (e-h) of tpy-pvp-H (1) in
four different solvents upon irradiation with UV light. Excitation wavelength for
recording emission spectra is 330 nm.
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The rate constants of the isomerization processes were estimated and correlated

with polarity and bulk viscosity of the solvents (Table 2.12). The rate of photo-

isomerization is found to be highest in dichloromethane and least in dimethylsulfoxide.

Among the studied solvents, relative polarity of dichloromethane is least, while DMSO is

Table 2.11 Photophysical table of tpy-pvp-H (1) and its mono-protonated form in four
different solvents.

Cmpds Free Condition After photolysis
Solvent  |Absorption Luminescence Absorption Luminescence
Amax/nNM (&/ Amax/NM (&/
Mtem™)  [a/n T, NS ) M™*em™) Amax T, NS o
m /nm
1 DCM 330(38800), (398 [1.05 0.330 [382(10200), 540 |1,=2.10(88%), [0.011
288(25830) 316(26500), 1, =3.37(12%)
294(25400)
DMSO  |332(34270), |419 |1.28 0.220 |327(19320), 416 |1,=1.29(89%), |0.007
295(27550) 288(23780), 1,=7.76(11%)
MeCN  [328(34000), [410 [1.40 0.150 [322(9960), 405 [r,=1.40(68%), [0.002
286(21620), 278(22690), 1, =8.92(32%)
236(20950) 251(20850)
MeOH 328(35190), (425 |1.47 0.180 [320(11520), 420 |1,=1.46(42%), |0.001
286(25940), 278(28300), 1, =5.80(58%)
235(25440) 250(21560)
1+H*  [DCM 413(10100),32 [398  [r,=1.01(78%), [0.011 [382(13300), [540 |r,=2.07(85%), |0.005
7(25600),289( 17, =1.95(22%) 317(30200), 1, =3.21(15%)
23300) 552 [3.24 294(27400)
DMSO  [332(33890), |419 [1.36 0.015 [332(20900),  [419 |r,=1.27(94%), |0.009
294(26790) 295(19300) 1,=5.18(6%)
MeCN  (327(29140), |418 |1;=1.68(63%), |0.009 |360(sh)(15300), |418 |r,=1.38(78%), |0.001
290(21450), 1, =3.95(37%) 318(26200), 1, =3.24(22%)
234(19800) 293(27100),
234(19400)
MeOH 328(34100), (426 |1;=1.97(82%), [0.007 |328(26500), 426 |1,=2.21(76%), |0.001
286(26380), 1, =6.18(18%) 287(24300), 1, =6.83(23%)
235(25840) 236(22300)

Table 2.12 Rate constants and quantum yields of the trans— cis photo-isomerization
process of tpy-pvp-H (1) in four different solvents.

Solvent Rate constant | Quantum yield
(Kisox10%/s™) (®©x10%)
DCM 16.1 2.35
DMSO 3.45 1.08
MeCN 5.50 1.11
MeOH 5.38 1.00
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highly viscous as well as polar aprotic solvent. Thus, the rate constant of the photo-
isomerization processes gradually decreases with the increase of polarity as well as the
viscosity of the solvents. As the present compounds have significant amount of charge
transfer character, slower isomerization rate in more polar solvents like MeOH, MeCN
and DMSO is also due to large degree of solvation which in turn lead to increase of the
effective rotor volume of the compounds.

We also studied the influence of proton by carrying out photolysis of all the
compounds in DCM in presence of acid. Firstly, we carried out the photolysis in presence
of one equiv of H* (first protonation step). Upon irradiation with UV light, lowest energy
absorption band within the range of 360-425 nm gets blue-shifted to ~355-393 nm range
(Fig. 2.28-2.30). Spectral lines were passed through several clean isosbestic for each
compound. Inspection of the spectrum at the saturation point shows close similarity to
that of the spectrum obtained upon photolysis in neat DCM in absence of acid. Irradiation
of UV light leads to quenching of both the emission bands of the protonated compounds
and finally gives rise to very weak and broad emission band in between 495 and 547 nm,
depending on X. In line with absorption spectral behavior, the final emission spectrum in
each case after photolysis looks very similar to that cis form of the compounds. Thus,
photolysis of the acid treated solution leads to both deprotonation as well as
isomerization of the compounds to their corresponding cis form. In addition, the rate of
photolysis of the compounds was found to be much faster in presence of acid than that of
their free form (Table 2.10). The reverse process is also achieved upon treating the
solution with visible light followed by acidification. It is of interest to note the intense
yellow color of the acid treated solution of the compound became very light upon
photolysis and thus exhibiting reversible photochromic behavior. In line with their free
form, emission color changes were nicely demonstrated for the protonated forms under UV
illumination (Fig. 2.26).

We also carried out the photo-isomerization behaviors of two compounds (1 and 2)
upon addition of 3 equiv of H* (second protonation step) in DCM. In line with first step, the
lowest energy absorption band at ~396 nm shifted to the blue region (380-390 nm) upon
irradiation with UV light (Figs. 2.31-2.32). The week emission band due to multiply

protonated species gets almost fully quenched along with blue-shift in each case.
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Fig. 2.28. Changes in UV-vis absorption and emission spectra of the acid treated
solutions of tpy-pvp-Me (2) (a and c, respectively) and tpy-pvp-Cl (3) (b and d,
respectively) in dichloromethane upon irradiation with UV light. Insets to figure b and d
show emission decay profiles and lifetimes. Excitation wavelength for recording both
emission spectra and lifetime are 330 nm.
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Fig. 2.29. Changes in UV-vis absorption (a) and emission (b) spectra of tpy-pvp-H (1) in
dichloromethane upon irradiation of UV light after incremental addition of one equiv of
H*. Emission decay profiles and lifetimes are provided in the inset of figure b. Excitation
wavelength for recording the emission is 330 nm.

90



Chapter 2

00 sec 2x10° 1
0.3
)
A 720 sec . 1x10°
» 0.2 1\ \C_G/
< =
0.1- —1 5x10"+
(a

0.0

300 400 500 400 500 600
A (nm) A (nm)

Fig. 2.30. Changes in UV-vis absorption (a) and emission (b) spectra of tpy-pvp-Ph (5) in
dichloromethane upon irradiation of UV light after incremental addition of H*. Emission
decay profiles and lifetimes are provided in the inset of figure b. Excitation wavelength
for recording the emission is 330 nm.
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Fig. 2.31. UV-vis absorption (a) and emission (b) spectral changes of acid treated (3
equiv) dichloromethane solution of tpy-pvp-H (1) upon irradiation with UV light.
Excitation wavelength for recording the emission is 330 nm.

It would be appropriate to give some insight here about the isomerization process.
Upon excitation with UV-light, stilbene is promoted to the S; excited-state with a C=C bond
order shorter compared with the ground state species which takes into account for the free

rotation around the ethylenic bridge within its short lifetime. Strongly electron withdrawing
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Fig. 2.32. UV-vis absorption (a) and emission (b) spectral changes of acid treated (3
equiv) dichloromethane solution of tpy-pvp-Me (2) upon irradiation with UV light.
Excitation wavelength for recording the emission is 330 nm.

nitro group probably leads to lengthening of the C-C bond more compared with the other
derivatives and thus facilitates the isomerization process. One of the most commonly
accepted mechanism of the isomerization process involves the so-called phantom state p*
[60] because of its extremely short lifetime of ~1 ps. The phantom state can be reached from
both, electronically excited trans and cis states, as a consequence of a 90° twisting of the
C=C bond around its axis. Now, the deactivation of this upper lying excited state gives rise to
statistical formation of both cis and trans isomers. The second mechanism involves the
intersystem crossing and isomerization of the molecule in the lowest excited triplet state, at
the crossing point with the ground singlet pathway responsible for the trans to cis conversion.
Intersystem crossing from the singlet S; excited-state to a triplet excited-state can be
neglected at room temperature in fluid solution, such that only the singlet state can be
considered. However, the fluorescence decay from this state cannot be neglected.
Interestingly, experiments show the trans form of the compounds are strongly fluorescent
than their cis forms. In line with our observation, previously reported trans-n-pentane was
found to much more fluorescent (@5 = 0.035) [63] than the corresponding cis-isomer (@5 =

~9 x 10”) [64] and exhibits some solvent and temperature dependence.
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2.4 Conclusions

With regard to our continued effort for developing switchable functional
materials, we report in this work, photophysical and photo-isomerization behavior of a
series of photochromic terpyridine derivatives covalently coupled with styrylbenzene
unit. Covalent coupling of styrylbenzene moiety and terpyridine motif leads to the
generation of ICT sensitive species whose photophysical properties are highly sensitive
to light as well as other chemical stimuli (proton and solvents). Both electron-donating
and electron-accepting groups were incorporated in the compound, tpy-pvp-X (X = H,
Me, CI, NO,, and Ph) to tune their photophysical as well photo-isomerization behaviors.
All the compounds underwent trans—cis isomerization upon irradiation with UV light
with substantial changes in their absorption and emission spectra. Cis—trans
isomerization were also feasible upon interacting with visible light. Trans—cis
isomerization leads quenching of emission, while backward cis—trans isomerization gives
rise to restoration of the original emission Thus, "on-off" and "off-on" emission switching
was made possible upon alternate interaction of the compounds with UV and visible
light. Interestingly, the photochromic and photo-isomerization behaviors of the
compounds are strongly influenced by acid. Detailed kinetic and thermodynamic aspects
of the photo-isomerization process were also addressed in this study. Finally, detailed
computation work was also performed on both the trans and cis forms of the compounds
by employing DFT and TD-DFT methods to acquire deeper insight about their electronic
structures as well as proper assignment of the experimentally observed absorption and

emission bands.
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3.1 Introduction

Functional molecules with switchable spectral properties induced by light have
received great attention due to their crucial roles in the design of optical materials,
photoswitches and memory devices [1-6]. To this end, photoisomerization behaviours of
a wide variety of compounds such as azobenzenes, stilbenes, diarylethenes, spiropyrans,
and spirooxazines were thoroughly studied [7-12]. Transition metal-based compounds are
very attractive in this regard over their organic counterparts as the complexes possess
additional features in the context of better tunability of their electronic properties by
varying both inorganic and organic components [13-24]. For coordination complexes,
modulation of their properties by inducing conformational changes on the photo-
responsive component appended on ligands has received most of the attentions. Majority
of studies in this regard are mainly centered on noble metals which are very expensive
and their synthetic procedures often required very drastic conditions [13-24]. Our aim in
this work is to design suitable base-metal complexes which could exhibit similar behavior
and can lead to the development of a new class of low-cost and easily synthesizable
photo-switches.

In order to fulfill our objective, we report herein the synthesis, characterization,
photophysics, and reversible trans-cis photoisomerization behaviours of three homoleptic
Fe(11)-terpyridine complexes ([Fe(tpy-pvp-X)-]**, where X = H, Me, and NO,) covalently
coupled with photo-active styrylbeneze moiety (Chart 1). Iron is the most abundant low-
cost element in Earth's crust and also plays crucial role in transport and storage of oxygen
and in electron transport in diverse metalloenzymes of living organisms [25-27].
Compared to their low spin d° analogues (such as Ru** and Os®*), Fe(Il)-polypyridine
complexes usually don't function as effective sensitizers because of low lying ¥*MC
states localized on Fe(ll) induces very fast non-radiative deactivation leading to
remarkable lowering of excited state lifetime [28-35]. Although the Fe(Il)-terpyridine
complexes don't exhibit Fe(ll)-centred emission but they exhibit strong *MLCT
absorption at longer wavelength region (~575 nm) compared with both Ru(ll)- and
Os(I)-terpyridine motif [36,32-34]. Photoinduced isomerization studies of styrylbenzene
appended heavier transition metal complexes (particularly Re, Ru, Ir and Pt) have been

performed by several research groups in recent times [37-43]. These studies contribute
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significantly for designing of photochemical molecular devices [44-52]. On the other
hand, related studies incorporating styrylbenzene appended terpyridine ligands and 3d
metals are relatively sparse in literature. Photo-isomerization behaviours of selected
Fe(Il) complexes based on terpyridine-azobene conjugate were reported by Nishihara and
co-workers [53-54]. Prior to this work, only a single report on photo-isomerization
behaviour of one Fe(ll)-terpyridine complex covalently coupled with styrylbenzene
moiety was reported by Araki and co-workers [55]. But to our knowledge, no detailed
discussions on optical switching behaviours of Fe(ll)-terpyridine complexes covalently
coupled with photo-active styrylbeneze moiety were reported in the literature. In the
present work, we thoroughly studied the effect of solvents and influence of both electron
donating and electron withdrawing substituent (X) on the photophysics as well as
thermodynamic and kinetic aspects of isomerization process of complexes. Effect of
excitation wavelength on thermodynamic and kinetic aspects of photoisomerization
process were also addressed in this work. Recently, we reported photophysics and
photoisomerization behaviours of a homoleptic ([Ru(tpy-pvp-X),]**) as well as a
heteroleptic series ([(tpy-PhCHs)Ru(tpy-pvp-X)]**) of Ru-terpyridine complexes with
same styrylbenzene-terpyridine ligands [56-57]. In this study, we will also be interested
to compare the photo-isomerization behaviours of present Fe(ll) complexes with
previously reported analogous complexes of Ru(ll). Finally, DFT and TD-DFT
calculations were also performed on various forms of the complexes (trans-trans, trans-
cis and cis-cis) to get insight about the electronic structures as well as for appropriate

assignment of their optical spectral band.

3.2 Experimental
3.2.1 Materials

Chemicals and solvents were procured either from Sigma or from local vendors.
Synthesis and characterisation of tpy-pvp-X (X = H, Me, and NO,) has been provided
in chapter 2 [58]. Detailed procedure for synthesis, purification and characterization of
Fe(Il) complexes are provided in the next section.
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[Fe(tpy-pvp-X),]?* X = H (1); X = Me (2), and X = NO, (3)

Chart 3.1. Chemical structures of the complexes under present investigation.

3.2.2 Synthesis of the metal complexes

A general procedure that was adopted for the complexes is described below.
[Fe(tpy-pvp-H)21(Cl04) (1)

To a stirred CHCI3-MeOH (1:2, v/v) solution (25 mL) of tpy-pvp-H (206 mg, 0.5
mmol), a MeOH solution of Fe(ClO,4),-6H,0 (91 mg 0.25 mmol) was added. The color of
the solution immediately changed into blue-violet and during stirring for ~1h, a
microcrystalline compound deposited. The compound was filtered, washed with water,
and dried in a vacuum. Crude compound was washed with chloroform and then purified
by alumina column chromatography using 1:10 (v/v) PhCH3-MeCN mixture. The
compound was finally recrystallized from MeCN-MeOH (1:2, v/v) mixture resulting in
violet microcrystalline compound: vyield 169 mg (64%). Elemental anal. Calcd. for
CssH42NsClo0gFe: C,64.63; H, 3.927; N, 7.797. Found: C, 64.64; H, 3.920; N, 7.795. *H
NMR (400 MHz, CD3sCN, a/ppm) : 9.24 (s, 4H, Hs/), 8.66 (d, 4H, J=8.0, He), 8.39 (d, 4H,
J=8.0, Hg), 8.03 (d, 4H, J=8.4, H;), 7.97-7.93 (m, 4H, Hy), 7.73(d, 4H, J=7.20, Hy,),
7.52-7.48 (m, 10H, Ha+Hio+H1), 7.44-7.38 (m, 2H, Hy3), 7.23 (d, 2H, J=5.6, Hg), 7.14-
7.10 (M, 4H, Hs). ESI-MS (positive, CHsCN): m/z = 439.08 (100%) [Fe(tpy-pvp-H).]*".
[Fe(tpy-pvp-Me),](Cl04): (2)
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Yield 156 mg (62%). Elemental anal. Calcd. for CgoHssNgCl,OgFe: C,65.17; H,
4.19; N, 7.60. Found: C, 65.18; H, 4.18; N, 7.61. 'H NMR (400 MHz, CDsCN_ /ppm) :
9.17 (s, 4H, Hs/), 8.58 (d, 4H, J=8.0, He), 8.31 (d, 4H, J=7.6, Hg), 7.94 (d, 4H, J=8.0, Hy),
7.89-7.85 (m, 4H, Hy), 7.55 (d, 4H, J=8.0, Hy1), 7.43 (d, 2H, J=16.4, Hy), 7.33 (d, 2H, J
=16.0, Hy), 7.24 (d, 4H, J=7.6, H1), 7.16 (d, 4H, J=5.6, Hs), 7.06-7.03 (m, 4H, Hs). ESI-
MS (positive, CHsCN): m/z = 453.08 (100%) [Fe(tpy-pvp-Me),]*".
[Fe(tpy-pvp-NO).] (ClO4)2 (3)

Yield 162 mg (63%). Elemental anal. Calcd. for CsgH4oNgCl,O12Fe: C,59.65; H,
3.45; N, 9.59. Found: C, 59.64; H, 3.46; N, 9.58. '"H NMR (400 MHz, CDsCN. &/ppm) :
9.18 (s, 4H, Hy), 8.59 (d, 4H, J=8.0, He), 8.34 (d, 4H, J=8.0, Hs), 8.26 (d, 4H, J=8.0, H7),
8.01 (d, 4H, J = 7.6, Hy1), 7.90-7.84 (m, 8H, Hy+Hio+H12), 7.62-7.52 (m, 4H, Ha+Hyy),
7.17-7.16 (nr, 4H, Ho+Hg3), 7.07-7.04 (m, 4H, Hs). ESI-MS (positive, CH3CN): m/z =
484.04 (100%) [Fe(tpy-pvp-NO,),]*".
3.2.3 Physical measurements

The details of instruments and procedures of physicochemical measurements have
already been discussed in chapter 2. The detailed description about the computation

methods is also provided in chapter 2.

3.3 Results and discussions
3.3.1 Synthesis and characterization

The synthesis and characterization of the ligands have already been described in
chapter 2. The complexes were synthesized by reacting tpy-pvp-X (X = H, Me and NO,)
with Fe(ClOy), (1:2 ratio) in CHCI3-MeOH (1:1, v/v) mixture at room temperature.
Purification of the complexes were carried out by alumina column chromatography {1:10
(v/v) PhCH3-MeCN mixture} followed by recrystallization from CHCI3-MeOH (1:2, v/v)
mixture. All complexes were characterized by elemental (C, H and N) analyses, high
resolution mass and NMR spectral measurements and characterization data were

presented in Fig. 3.1-3.3.
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Fig. 3.1. ESI-MS (positive) for the complex cation of [Fe(tpy-pvp-H),]** with m/z =
439.09 (a) and [Fe(tpy-pvp-CHs),]*" with m/z = 453.09 (b) in acetonitrile showing
experimental and simulated isotopic distribution patterns.
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Fig. 3.2. ESI-MS (positive) for the complex cations of [Fe(tpy-pvp-NO,),]** with m/z =
484.05 in acetonitrile showing experimental and simulated isotopic distribution patterns.
3.3.1.1 NMR spectra

'H NMR spectra of 1-3 were acquired in CDsCN and displayed in Fig. 3.3.
Tentative assignments of all peaks were done with the help of their COSY NMR spectra
together with by comparing the spectra of structurally similar complexes. The singlet at
~2.31 ppm (not shown in Fig. 3.3) counting three protons for 2 is clearly due to -CH3
group of coordinated tpy-PhCH3 moiety. Another singlet which appears within 9.17-9.24

105



Chapter 3

ppm corresponds to Hz proton. A pair of doublets within 7.16-7.90 ppm is assignable as
the protons of ethylenic double bond (Hy and Hig) and corresponds to trans-trans
conformation. In some cases, they appeared within the broad multiplet because of the

coincidence of other protons.

3.3.2 Computational investigations

Geometry optimization of the complexes was carried out with the aid of Gaussian 09
program in acetonitrile medium (Fig. 3.4). Selected bond distances and angles are given
in Tables 3.1-3.4. In all complexes, Fe(ll) is coordinated in bis-tridentate manner with
distorted octahedral geometry. Frontier molecular orbital sketch are presented in Figs.
3.5-3.7. Among four HOMOs, the first two (HOMO and HOMO-1) are mainly composed
of vinyl phenyl and p-substituted phenyl group, while the other two HOMOs (HOMO-2
and HOMO-3) are mainly localized on Fe(Il) center on all of their trans-trans, trans-cis
and cis-cis forms. On the other hand, all four LUMOs are composed predominantly of tpy
moiety with small contribution of vinyl phenyl group with the exception of [Fe(tpy-pvp-
NO,),]**, where LUMOs are mainly localized either on nitrobenzyl group or on tpy
moiety (Table 3.5 and Fig. 3.7). TD-DFT calculated results of the complexes in their
trans-trans, trans-cis and cis-cis forms are summarized in Table 3.6-3.8 and the
involvement of FMOs in their lowest energy band are displayed in Fig. 3.8. The lowest
energy band for Fe(ll) complexes is an admixture of Fe'(dm)—n*(tpy-pvp-X) metal-to-
ligand charge transfer (MLCT) and phenyl-vinyl—terpyridine charge transfer (LLCT)
transitions in the visible region. The next higher energy band is found to be an admixture
of both LLCT and n-n” transitions.

3.3.3 Absorption and emission spectra

Comparison between the calculated and experimental absorption spectra of the
complexes in acetonitrile is presented in Fig. 3.9. All complexes show a very intense
band at ~575 nm due to Fe''(dm)—n*(tpy-pvp-X) MLCT transition. TD-DFT calculations
also indicate finite contribution of phenyl-vinyl—terpyridine charge transfer (LLCT)
character to the said MLCT band. The band is shifted to lower energy region compared
with the parent [Fe(tpy).]** (551 nm) complex probably because of charge delocalization

induced by additional phenyl-vinyl group at 4'-position of the terpyridine moiety [53-55].
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Fig. 3.3. '"H NMR (400 MHz) spectra of [Fe(tpy-pvp-H)-]** (a), [Fe(tpy-pvp-Me),]** (b)
and [Fe(tpy-pvp-NO-),]** (c) in CDsCN.
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Fig. 3.4. Ground state optimized geometries of trans-trans, trans-cis and cis-cis forms of
the complexes of composition [Fe(tpy-pvp-X)2]** (X=H, Me, and NO,) in acetonitrile.
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Table 3.1 Selected calculated bond distances (A) of trans-trans, trans-cis and cis-cis
form of [Fe(tpy-pvp-X),]** where X= H, Me, NO».

trans-trans trans-cis cis-cis

[Fe(tpy-pvp-H),]** [Fe(tpy-pvp-H),]*" [Fe(tpy-pvp-H);]*"
Fel-N1 2.011 Fel-N1 2.011 Fel-N1 2.011
Fel-N2 1.906 Fel-N2 1.907 Fel-N2 1.907
Fel-N3 2.011 Fel-N3 2.012 Fel-N3 2.011
Fel-N4 2.011 Fel-N4 2.012 Fel-N4 2.011
Fel-N5 1.906 Fel-N5 1.906 Fel-N5 1.907
Fel-N6 2.011 Fel-N6 2.011 Fel-N6 2.011
[Fe(tpy-pvp-Me),]** [Fe(tpy-pvp-Me),]™* [Fe(tpy-pvp-Me),]™*
Fel-N1 2.011 Fel-N1 2.011 Fel-N1 2.011
Fel-N2 1.906 Fel-N2 1.907 Fel-N2 1.907
Fel-N3 2.011 Fel-N3 2.012 Fel-N3 2.011
Fel-N4 2.011 Fel-N4 2.012 Fel-N4 2.011
Fel-N5 1.906 Fel-N5 1.906 Fel-N5 1.907
Fel-N6 2.011 Fel-N6 2.010 Fel-N6 2.011
[Fe(tpy-pvp-NO,),]** [Fe(tpy-pvp-NO,),]** [Fe(tpy-pvp-NO,),]**
Fel-N1 2.010 Fel-N1 2.011 Fel-N1 2.011
Fel-N2 1.906 Fel-N2 1.906 Fel-N2 1.906
Fel-N3 2.011 Fel-N3 2.011 Fel-N3 2.011
Fel-N4 2.011 Fel-N4 2.010 Fel-N4 2.011
Fel-N5 1.906 Fel-N5 1.906 Fel-N5 1.906
Fel-N6 2.010 Fel-N6 2.012 Fel-N6 2.010

Table 3.2 Selected calculated bond angles (deg) of trans-trans, trans-cis and cis-cis form

of [Fe(tpy-pvp-H).]*".

trans-trans trans-cis cis-cis
N6Fe1N2 98.97 N6Fe1N2 98.71 N6Fe1N2 98.91
N6Fe1N3 91.39 N6Fe1N3 91.42 N6Fe1N3 91.38
N6FelN4 162.02 N6FelN4 162.01 N6Fe1N4 162.02
N6FelN5 81.00 N6FelN5 81.04 N6Fe1N5 81.02
N6FelN1 91.45 N6FelN1 91.33 N6Fe1N1 91.37
N2Fel1N3 81.02 N2Fe1N3 81.00 N2Fel1N3 81.00
N2Fel1N4 98.99 N2Fe1N4 99.26 N2Fe1N4 99.05
N2FelN1 81.00 N2FelN1 80.97 N2FelN1 81.02
N4Fel1N5 81.02 N4FelN5 80.97 N4FelN5 81.00
N4FelN1 91.39 N4FelN1 91.48 N4FelN1 91.38
N4FelN3 91.35 N4FelN3 91.36 N4FelN3 91.43
N5FelN1 98.97 N5FelN1 98.87 N5Fe1N1 98.92
N5Fe1N3 98.99 N5Fe1N3 99.14 N5Fe1N3 99.05
N1FelN3 162.02 N1Fel1N3 161.98 N1FelN3 162.02
N2Fel1N5 179.97 N2Fel1N5 179.71 N2FelN5 179.92
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Fig. 3.5. Schematic drawings of the selective frontier molecular orbitals of trans-trans (a)
trans-cis (b) and cis-cis (c) forms of [Fe(tpy-pvp-H)2]** (1) in acetonitrile.

Table 3.3 Selected calculated bond angles (deg) of trans-trans, trans-cis and cis-cis form
of [Fe(tpy-pvp-Me),]*".

trans-trans trans-cis cis-cis
N6Fe1N2 98.97 N6Fe1N2 98.86 N6Fe1N2 98.89
N6Fe1N3 91.38 N6Fe1N3 91.71 N6Fe1N3 91.44
N6Fel1N4 162.02 N6FelN4 161.04 N6FelN4 162.01
N6Fe1N5 81.00 N6Fe1N5 80.55 N6Fe1N5 81.01
N6Fel1N1 91.45 N6FelN1 91.46 N6Fel1N1 91.36
N2FelN3 81.01 N2Fel1N3 80.47 N2Fel1N3 80.99
N2Fel1N4 99.00 N2FelN4 100.09 N2FelN4 99.09
N2FelN1 81.00 N2FelN1 80.52 N2FelN1 81.01
N4FelN5 81.01 N4FelN5 80.48 N4Fel1N5 80.99
N4FelN1 91.38 N4FelN1 91.50 N4FelN1 91.44
N4FelN3 91.36 N4FelN3 91.54 N4Fel1N3 91.34
N5Fel1N1 98.97 N5Fel1N1 99.36 N5Fel1N1 98.89
N5FelN3 99.00 N5Fel1N3 99.63 N5Fel1N3 99.09
N1FelN3 162.02 N1FelN3 160.99 N1FelN3 162.01
N2Fel1N5 179.97 N2Fel1N5 179.40 N2Fel1N5 179.86
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Fig. 3.6. Schematic drawings of the selective frontier molecular orbitals of trans-trans (a)
trans-cis (b) and cis-cis (c) forms of [Fe(tpy-pvp-Me),]** (2) in acetonitrile.

Table 3.4 Selected calculated bond angles (deg) of trans-trans, trans-cis and cis-cis form
of [Fe(tpy-pvp-NO,),]**.

trans-trans trans-cis cis-cis
N6Fe1N2 98.98 N6Fe1N2 99.18 N6Fe1N2 98.94
N6Fe1N3 91.38 N6Fe1N3 91.24 N6Fe1N3 91.29
N6Fel1N4 162.06 N6FelN4 162.07 N6FelN4 162.06
N6Fe1N5 81.02 N6Fe1N5 81.01 N6Fe1N5 81.03
N6Fe1N1 91.44 N6FelN1 91.51 N6Fel1N1 91.45
N2Fel1N3 81.04 N2Fel1N3 81.02 N2Fel1N3 81.02
N2FelN4 98.94 N2FelN4 98.73 N2FelN4 98.99
N2FelN1 81.02 N2FelN1 81.02 N2FelN1 81.03
N4FelN5 81.04 N4FelN5 81.05 N4Fel1N5 81.02
N4FelN1 91.38 N4FelN1 91.23 N4FelN1 91.29
N4FelN3 91.34 N4FelN3 91.58 N4Fel1N3 91.52
N5Fel1N1 98.98 N5Fel1N1 98.90 N5Fel1N1 98.94
N5Fe1N3 98.94 N5Fel1N3 99.03 N5Fel1N3 98.99
N1FelN3 162.06 N1FelN3 162.05 N1FelN3 162.06
N2Fel1N5 179.98 N2Fel1N5 179.77 N2Fel1N5 179.97

110



171

PT'ET 2L'9¢ 0C'TT | 26'8Y ve'S €29 | ¥59T | 88T.L 656 LS9T | TS'ET | 0€09 S.'9- 00°L-| 2L9- €-ONOH
000 000 T6'TC | G0'8L 100 S00 | 1§¢C | Tv'lL 000 000 | €9TC | €08 25'9- 069- | €9°9- ¢-OWOH
9T°¢CT ¢SSy ¢8'TT | 8¥'0€ 9'0Z TET9 8L'L Sv'0T 8G'8T i'Cs €9'6 T€6T 0v'9- ¥59- | T€9- T-ONOH
68'TT 2244 Gc'¢l | OT'TE TL'GC 89'T9 €59 809 8¢'8T 66'TS 76'6 L9'6T 6€°9- 6€9- | 1€9- OINOH
7¢'68 19'8 96T 9710 0L'T¢C LL'8T | €€99 6T1°€ 69°¢8 66'CT 86'C €e0 GG'€- vC'e- | LSE- ONN7
7€'68 85'8 06'T 9T'0 SEvT | TOVT | 96729 | /9€ 2878 | S6CT | 88°¢ €g0 §5'¢e- 6T'c- | /G¢- T+ONN7
ST’V 66'6 0818 | €0t €Ll VT | TL06 | 100 90’8 G9'6 | 6£8. /8¢ ¥6'C- 06¢- | v6'¢- Z+ONNT
S0'v 68'6 €8'T8 [444 0€'v9 60°L [4 x4 890 é6'L T9'6 vv'8L 07 €6'¢C- 06¢- | €6¢C- €+0ONNT
zusg Zusq Zusg | zueg- Zusg | zuag- SIo SIo- | sueJl-
-01lIN -1AIAS Ad1L 34 -0JUN | K1k AdyL a4 -OMUN | AIAS Ad1 a4 -S1D | sueay | sueal
(€) .,[*(*ON-dnd-Ady)ed]
19'8 00'S 8C'9T | 60°0L [44) 799 €e'LT | 0899 1S9 Sv'v 8891 L0CL 8G'9- 1/89- | 89'9- €-OINOH
000 €00 S8'T¢ | 0T'8L 950 7’0 | 0¢¢C | 6L9L 000 200 | S8T¢ | TT'8L 6v'9- | ¥8'9- | 87'9- ¢-ONOH
T€'.E T0'€S 87 78y 68Ty | 8T¢S | T8¢ 6T°¢C 98'9¢ | ST¥S | €0'G 76'€ 009- | 809- | /8'6G- T-ONOH
yT'LE 68'¢S 567 00'G €50y | 22€S | 62V S8'7T ¢L9E | ¥O¥S | ST'S L0v 009- | ¢6'G- | 186G OWOH
ST'T 18'TT 8.'¢8 v ST 88'0T | ¢€€8 LSV 91°¢ 00€T | TL08 v é6'¢C- 60°€- | €6'C- ONN71
LTT 0L'TT 98'¢8 ac'v 86°0 ¥Z'0T | OF'v8 LEV 91°¢ ¢6'¢T | 9908 Vv é6'¢C- 60°€- | ¢6'C- T+ONNT
000 870 1566 | 000 000 790 | TE66 | €00 000 67’0 | 6766 000 89'C- | 98¢ | 89°¢C Z+ONNT
000 670 7896 | 99°¢ 000 €90 | ST/6 | TC¢ 000 0S50 | 1896 19¢C 99'¢- | €8¢ | S9°¢C €+0ONNT
Zusg Zusq Zusg | zueg- Zusg | zuag- sIo SI0- | sueJl-
-3\ -1AIRAS AdL o4 BN | 1JIAS AdL o4 BN | 1AAS Ad1L o4 -S1D | sueay | sueal
(2) ,,[*(eN-dnd-Ady)ad]
/8’8 189 67'GT | ¥.'89 S0'8 6vV'S | €€9T | TTOL Sv'9 89'S | 6E9T | 9V'TL 19°9- 86'9- | 19'9- €-ONOH
000 000 S8'TC | 1T'8L 000 €00 | €8'1¢C | ¢1'8L 000 200 | 98'T¢ | 0T'8L 05'9- 68'9- | 67'9- ¢-OWNOH
0,'8¢ ¥0°LS LT9 .08 €0ce | 68°LS | ¥C'S €8y Ty'0E | ¢85S | ¥6'G 18'S Zr9- 9€'9- | 66'G- T-ONOH
87'8¢ 8.'95 LE9 SE'8 LS'€E | 85°/G | €C§ 09'¢ G2'0€ | ¥9'.G | 609 109 Zro- T12°9- | 66'G- OWOCH
9T'T 1 Za 88'¢8 6TV 99'T 0S'TT G9'¢8 LTV 9€'¢ 09'€T | ¥6'6L v €6'¢C- e | ¥6'¢C- ONN7
9T'T €9TT £€6¢8 | LCV 60T 6L0T | /8€8 | ¥Z¥ LEC €GET | 88'6L ey 26'C T€E | €6'¢C T+ONNT
000 7’0 7566 | 000 000 SP'0 | 2566 | TOO 000 67’0 | 0966 000 69'C- 80'¢- | 89¢- Z+ONNT
000 S¥'0 8896 | 99¢ 000 y'0 | 1896 | ¥9¢C 000 0S50 | ¢8'96 19¢C 99°¢- 90'¢e- | §9'¢ €+0NNT
Zuaq Zuag- Zuag-
[ezuag SISISS AdL | [ezuag | JAIAIS AdL el lezuag | |AIAIS AdL EE| SIo SIo- | suel-
S19-S1D S19-sued | sueJj-sued | -S1D | suea] | sued]
suonisodwo) 9 eV GIENE]
(1) .,[{(H-dnd-Ad1)a] ON

"83|1mu0180e Ul (€) ,,[¢((ON-dad-Ady)s] pue (2) ,,[¢(sIN-dad
-Ad)ad] pue (1) ,[4(H-dAd-Ad1)sd] 4oy 8ye3s punoil sy ur suonisodwod pue ssibiiaus J18y) Y Buole SOIN PaldsIes §'¢ ajgel

¢ J1a1deyd




Chapter 3

Mcg.j‘ ,H’D-w >{ﬂtki§-_%>«t}ot}4§,

HOMO

LUMO+1

HOMO-1

LUMO+2 LUMO+3

X

HOMO-2 HOMO-3

sowael § oo ¥ SR T W

LUMO+2 LUMO+3

LUMO

LUMO+1

w@""’i Ty %y P

3

HOMO

HOMO-1 HOMO-2 HOMO-3
W):r'&' S W % %cﬁﬁ;‘ "“i
LUMO+1 LUMO+2 LUMO+3

Fig. 3.7. Schematic drawings of the selective frontier molecular orbitals of trans-trans (a)
trans-cis (b) and cis-cis (c) forms of [Fe(tpy-pvp-NO,),]** (3) in acetonitrile.

Table 3.6 Selected UV-vis energy transitions at the TD-DFT/B3LYP level for

[Fe(tpy-pvp-H).**

in acetonitrile.

Excited Aca/NM Oscillator A exp/NM Key transitions Character
state strength(f)
Trans-trans [Fe(tpy-pvp-H),]**
Se 483 1.46 576 H-4—L+1 (18%), H-1—L+1(49%), H—L MLCT, LLCT
(26%),
Sis 420 0.29 372 H-3—L (43%), H-4—L+1(25%), H—L LLCT
(16%)
S 349 2.09 323 H-1-L +4(47%), H>L+5 (4%) LLCT, n-m*
Trans-cis [Fe(tpy-pvp-H),]**
S, 496 0.91 576 H—L(67%), H-4—L (13%) MLCT, LLCT
So4 354 1.16 374 H—L+4 (95%) LLCT
S,y 341 0.45 321 H-1—-L+5 (94%) LLCT, n-n*
Cis-cis [Fe(tpy-pvp-H),]**
Se 471 0.91 576 H-4—L (13%), H-3—L+1 (18%), MLCT, LLCT
H-1-L+1 (36%), H—L (32%)
Sis 414 0.27 374 H-4—L (28%), H-3—L+1 (26%), LLCT
H-2—L42 (16%), H-1-L+1 (14%),
H—L (14%)
So6 336 1.08 321 H-1—-L+4 (46%), H-L+5 (47%) LLCT, n-m*
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Table 3.7 Selected UV-vis energy transitions at the TD-DFT/B3LYP level for
[Fe(tpy-pvp-Me),]*" in acetonitrile.

Excited Aca/NM Oscillator A expt/NM Key transitions Character
state strength(f)
Trans-trans [Fe(tpy-pvp-Me),]**

S, 494 1.57 575 H—L (57%), H-3—L(15%), MLCT, LLCT

H-1—-L+1 (24%)
Si7 427 0.12 375 H-4—L+1 (39%), H-3—L(37%), H-1-L+1 | LLCT

(9%)
SN 355 2.19 323 H-1—-L+4 (47%), H—L+5 (48%) LLCT, n-n*
Ss7 301 0.12 290 H-9—L (46%), H-8—L+1(39%) n-n*, LLCT

Trans-cis [Fe(tpy-pvp-Me),]**

S, 512 1.24 575 H—L(50%), HoL+1 (27%), MLCT, LLCT
H-4—L(4%)

Su 362 1.16 374 HoL+4 (96%) LLCT

Su 331 0.15 321 H—L18 (93%), H-4—L+8 (4%) LLCT, n-n*

Se 278 0.42 290 H-12-L+3(12%),

H-11—L+3(28%), H-12—L+3(12%)

Cis-cis [Fe(tpy-pvp-Me),]*

Se 479 1.01 575 H-15L+1 (43%), HoL (31%), MLCT, LLCT
H-3—>L+1 (17%), H-4—L (8%)

Sa 343 1.10 374 H-15L+4 (47%), HoL+5 (48%) LLCT

Sa 314 0.21 321 H-8—L (11%), H-7—L+1 (10%),  H- LLCT, n-n*
25L+6 (31%), H—L+8(16%)

Ses 279 0.51 290 H-125L+2 (27%), H-10>L+2 (24%), H-

9—L+3 (30%)

The next higher energy band(s) spanning with 368-376 nm is due to phenyl-
vinyl—terpyridine charge transfer transitions. Multiple very intense peaks within UV
region arise from ligand centred m-n* transitions. It is observed that maximum of MLCT
and LLCT band in the complexes varies to a small extent depending upon electronic
nature of the substituent, X. A large disagreement between experimental and theoretical
absorption spectra is noticed in Fig. 3.9. In particular, the presence of a large band within
the spectral domain of 400-600 nm in the computed spectra is not reflected in the
experimental spectra. This disagreement gives an indication of an inappropriate level of
calculations for 1% row transition metal complexes. Our method is based on very limited
basis sets leading to very localized Kohn-Sham orbitals that do not necessary reflect the

real electronic densities in play.
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Table 3.8 Selected UV-vis energy transitions at the TD-DFT/B3LYP level for
[Fe(tpy-pvp-NO,),]*" in acetonitrile.

Excited Aca/nM Oscillator A expt/NM Key transitions Character
state strength(f)
Trans-trans [Fe(tpy-pvp-NO,),]**
S, 510 2.61 575 H-1-L+1 (40%), H—L(46%), MLCT
Si7 423 0.57 371 H-4—L (40%), H-3—L+1(37%), LLCT
H-1—-L+3 (10%)
S 326 0.94 322 H-1-L +6(41%), H—L+7 (44%) LLCT, n-n*
Seo 292 0.17 285 H-5—L+2 (12%), H-4—L+7(30%), H- n-n*, LLCT
3—L+6 (32%)
Trans-cis [Fe(tpy-pvp-NO,),]**
S, 493 1.97 576 H-1-L+1(11%), H—L(39%), MLCT
H—-L+1 (19%),
S0 405 0.14 376 H-4—L (11%), H-4—L+1 (19%), LLCT
H-2—L+4 (37%), H-1->L+2 (23%)
Su 325 0.42 322 H—L+6 (56%) LLCT, n-n*
Ses 300 0.27 285 H-1—-L+1 (44%), H-4—L+11 (10%),H-
1-L+7 (12%)
Cis-cis [Fe(tpy-pvp-NO,),]*
S, 500 0.92 576 H-1-L+1 (40%), H—>L (47%) MLCT
S1z 449 0.21 376 H-4—L+2 (10%), H-3—L+3 (12%) LLCT
H-1-L+3 (31%), H—L+2 (28%)
Sso 321 0.40 322 H-10—L (10%), H-9—L+1(10%), LLCT, n-n*
H-1-L+6 (27%), H—L+7 (29%)
Se3 288 0.16 285 H-6—L+4 (18%), H-4—L+7(23%),
H-3—L+6 (25%)

On excitation at the lowest energy absorption band (~575 nm), complexes do not exhibit

any luminescence. The photophysics of Fe(l1)-polypyridine complexes gets complicated

by the presence of low-lying metal-centered (**MC) excited states which get populated

upon surface crossing from MLCT state within ultrafast time domain [28-35]. This

phenomenon

is frequently happened in Fe(ll)-polypyridine complexes which

is

responsible for their non-emitting characteristics [28-35]. Upon excitation at the LLCT or

n-n band, the complexes display an intense emission band in spectral domain of 463-503

nm, probably due to LLCT transition (Fig. 3.10). It is to be mentioned here that the free

ligands, upon excitation at their LLCT band (spanning within the range of 325-361 nm),

display intense emission band in the wavelength range of 398-420 nm. Thus,
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coordinating influence of Fe®" leads to red-shift of ligand-centered emission in the Fe(l1)-
terpyridine complexes.

In-situ formation of Fe(ll) complexes were also monitored through absorption and
emission spectroscopy (Fig. 3.11-3.13). It is observed that a new band is evolved at ~575
nm and intensity of the band increases linearly with Fe?* addition till the [Fe**]/[tpy-pvp-
X] ratio reaches to 0.5. Addition of Fe®* beyond 0.5 equiv does not
produce any further change (Fig. 3.11a-3.13a). The titration profile based on absorbance
at 575 nm and several clean isosbestic points imply single conversion of free tpy-pvp-X
to [Fe(tpy-pvp-X])2]**. The composition of the complexes were also confirmed by high
resolution mass spectra. The change of emission intensity of the LLCT band on gradual
addition of Fe** is delineated in Fig. 3.11b-3.13b and the insets show that complete
quenching of emission occurs upon addition of 0.5 equiv of Fe** ion.

3.3.4 Photo-isomerization behaviours

All three complexes possess two isomerizable strylbenzene units. We are thus
interested to investigate their spectral behaviours upon action of light. We carried out
photoisomerization studies of the complexes in few selected solvents, viz.
dichloromethane, acetonitrile, methanol and dimethysulfoxide at room temperature (25
°C). In addition, both UV (334 nm) and visible (436 nm) light source were used for
irradiating the solutions of the complexes. At first, isomerization studies are carried out in
dichloromethane in presence of UV light. The intensity of both MLCT band at ~575 nm
and LLCT at ~375 nm was found to decrease to a small extent for 1 and 2, whereas
increase for the nitro-derivative (3) (Fig. 3.14a-c). In the emission side, photo-irradiation
induces remarkable decrease of ligand-centred emission band intensity at ~500 nm with
the exception of nitro-derivative (3) where small enhancement is noticed (Fig. 3.14d-f).

It is observed that prolonged irradiation leads to gradual decrease of both MLCT
and LLCT bands in all three complexes with concomitant increase of m-m*
band intensities in the UV region and eventually the MLCT band is completely removed
which is indicative of de-coordination of Fe** centre from the complex backbone (Fig.
3.15-3.17). The final spectrum in each case looks very similar to that of the photolyzed
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Fig. 3.9. Overlay of the calculated (dotted lines) and experimental (solid lines) UV-vis
absorption spectra of trans-[Fe(tpy-pvp-X),]** with X= H (1), Me (2), and NO, (3) in
acetonitrile. Calculated results are also presented in the sticks form.
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Fig. 3.10. Emission spectra of the complexes in dichloromethane upon excitation at 330
nm.
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Fig. 3.11. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of tpy-
pvp-H in dichloromethane upon incremental addition of Fe?*. Inset to figure (a) shows
the change of absorbance at 575 nm, while inset to figure b indicates the change in
emission intensity at 398 nm vs. equivalent of Fe?*.
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Fig. 3.12. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of tpy-
pvp-Me in dichloromethane upon incremental addition of Fe?*. Inset to figure a shows the
change of absorbance at 577nm, while inset to figure b indicates the change in emission
intensity at 410 nm vs. equivalent of Fe®".
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Fig. 3.13. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of tpy-
pvp-NO- in dichloromethane upon incremental addition of Fe?". Inset to figure a shows
the change of absorbance at 573nm, while inset to figure b indicates the change in
emission intensity at 420 nm vs. equivalent of Fe?*.
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Fig. 3.14. Absorption and emission (Aex = 330 nm) spectral change of [Fe(tpy-pvp-H).]**
(a and d, respectively), [Fe(tpy-pvp-Me),]** (b and e, respectively) and [Fe(tpy-pvp-
NO,),]** (c and f, respectively) in dichloromethane upon irradiation with UV light. Insets
to the figures a-f indicate the irradiation time.
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product (cis-form) of free ligand [58]. Continued photo-irradiation, also leads to gradual
increase of emission intensity in the second step and finally reaches at saturation at the
end of photolysis (Fig. 3.15b-3.17b). Enhancement of emission intensity in the second
step is again indicative of de-coordination of Fe* from complex architecture. In presence
of visible light source, we observed almost similar trend (with small variation of spectral
profile) but the rate is much faster than with UV light (Fig. 3.18-3.19). Thus, in
dichloromethane, the first-step change is due to trans—-cis isomerization while the

second-step change corresponds to de-coordination Fe?* from complex architecture.

2.0x10'4 (b) —zomn
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(61.le04<
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Fig. 3.15. Second step change in absorption and emission (kex = 330 nm) (c) spectrum of
[Fe(tpy-pvp-H)2]** (1) (a and b, respectively) in dichloromethane upon irradiation with
UV light indicating the de-coordination of the complex. Insets to figure a and indicate the
irradiation time.
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Fig. 3.16. Second step change in absorption and emission (Aex = 330 nm) (c) spectrum of
[Fe(tpy-pvp-Me),]** (2) (a and b, respectively) in dichloromethane upon irradiation with
UV light indicating the de-coordination of the complex. Insets to figure a and indicate the
irradiation time.
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Fig. 3.17. Second step change in absorption and emission (Aex = 330 nm) (c) spectrum of
[Fe(tpy-pvp-NO-),]** (3) (a and b, respectively) in dichloromethane upon irradiation with
UV light indicating the de-coordination of the complex. Insets to figure a and indicate the

irradiation time.

As photo-irradiation, irrespective of irradiation wavelength, of DCM solution of
the complexes leads to de-coordination, we are interested to see the behaviours of the
complexes in other solvents. To this end, we have taken a representative complex,
[Fe(tpy-pvp-H),]** and carried out isomerization experiments in three additional solvents,
viz. acetonitrile, methanol and dimethysulfoxide. Absorption and emission spectral
changes of [Fe(tpy-pvp-H),]** upon action of visible light are presented in Fig. 3.20-3.22,
while in presence of UV light are displayed in Fig. 3.23-3.25.
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Fig. 3.18. First step change in absorption and emission (Aex = 330 nm) (c) spectrum of
[Fe(tpy-pvp-H)2]** (1) (a and b, respectively) in dichloromethane upon irradiation with
visible light indicating the tran-cis photoisomerization. Insets to figure a and b indicate

the irradiation time.
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Fig. 3.19. Second step change in absorption and emission (kex = 330 nm) (c) spectrum of
[Fe(tpy-pvp-H)2]** (1) (a and b, respectively) in dichloromethane upon irradiation with
visible light indicating the de-coordination of the complex. Insets to figure a and indicate
the irradiation time.
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Fig. 3.20. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of
[Fe(tpy-pvp-H)2]** (1) in acetonitrile upon irradiation with visible light. Inset to figure (a)
indicates the irradiation time.
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Fig. 3.21. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of
[Fe(tpy-pvp-H),]** (1) in dimethysulfoxide upon irradiation with visible light. Inset to
figure (a) indicates the irradiation time.
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In contrast to the behaviours in DCM, all the three complexes exhibit a distinct one-step
spectral change in presence of both UV and visible light source and no signature of Fe?*
de-coordination is observed even after photolysis of more than three hours. One-step
spectral change is observed in all three solvents, although the pattern and extent of
change differ slightly from each other. Furthermore, the extent of change is much greater
with visible light than that of UV light. The spectral change in MeCN and DMSO is very
neat and well defined compared with MeOH in presence of visible light. Gradual
decrease in intensities for MLCT and LLCT band occurred and at their expense
concomitant increase of m-n band intensities are observed in both solvents. Well defined

isosbestic points are observed in each case.
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Fig. 3.22. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of
[Fe(tpy-pvp-H)2]** (1) in methanol upon irradiation with visible light. Inset to figure (a)
indicates the irradiation time.

By contrast, the extent of change in MeOH is much less. The intensity of the
ligand-centred emission band at ~400 nm for [Fe(tpy-pvp-H)-]** in MeCN gradually
quenched and at the end of photolysis, the band is substantially red-shifted to ~500 nm.
In DMSO, similar quenching of emission takes place but no red-shift of the band is
noticed. The emission spectrum in MeOH is different from both MeCN and DMSO.
Instead of quenching, substantial emission enhancement is observed in MeOH in

presence of both UV and visible light source.
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Fig. 3.23. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of
[Fe(tpy-pvp-H),]** (1) in acetonitrile upon irradiation with UV light. Inset to figure a
indicates the irradiation time.
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Fig. 3.24. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of
[Fe(tpy-pvp-H)>]** (1) in dimethylsulfoxide upon irradiation with UV light. Inset to
figure a indicates the irradiation time.
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Fig. 3.25. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral changes of
[Fe(tpy-pvp-H)2]** (1) in methanol upon irradiation with UV light. Inset to figure a
indicates the irradiation time.

124



Chapter 3

Well-defined spectral changes (both absorption and emission) clearly indicate the
occurrence of isomerization across the double bond. But we are not very sure whether
isomerization taking place from trans-trans to trans-cis or to cis-cis form. In spite of our
low level of calculations, TD-DFT results indicate that the MLCT band of trans-cis form
is red-shifted compared with their trans-trans form, while blue-shifted in case of cis-cis
forms. In the final form of our experimental absorption spectra, the MLCT band also gets
blue shifted Fig. 3.26-3.27. That’s why we speculate that trans-trans to cis-cis conversion

are occurring for these complexes upon photo-irradiation.

N —+ —theo_trans_trans
Al — . —theo_trans_cis
T — + = theo_cis-cis
exp_trans
exp_cis

1x10°

5x10°4i V /

e/M 'cm

400 600 800
A/nm

Fig. 3.26. Overlay of the calculated (dotted lines) and experimental (solid lines)
absorption spectra of trans-trans (black), trans-cis (blue) and cis-cis (red) form of
[Fe(tpy-pvp-CHs)2]** in acetonitrile.

exp trans trans
exp cis
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Fig. 3.27. Overlay of the calculated (dotted lines) and experimental (solid lines)
absorption spectra of trans-trans (black), trans-cis (blue) and cis-cis (red) forms of
[Fe(tpy-pvp-H),]** in acetonitrile.
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While going from trans-trans to cis-cis form of the complexes, obviously there is an
intermediate trans-cis state. But we are unable to locate trans-cis form during the course
of isomerization. The reverse process that is isomerization from cis-cis to trans-trans
form also proceeds very slowly on keeping and accelerated upon heating the solution of
the complexes. The complexes are heated around 40 °C in each of three solvents. The
reversible changes are very prominent and we got cis-cis to trans-trans form of the
complexes (Fig. 3.28-3.31).
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Fig. 3.28. The UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes
upon heating the photolyzed acetonitrile solution of [Fe(tpy-pvp-H),]** (1) at 40°C. Insets
show the heating time.
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Fig. 3.29. The UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes
upon heating the photolyzed dichloromethane solution of [Fe(tpy-pvp-H),]** (1) at 40°C.
Insets show the heating time.
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Fig. 3.30. The UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes
upon heating the photolyzed dimethylsulfoxide solution of [Fe(tpy-pvp-H).J** (1) at
40°C. Insets show the heating time.
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Fig. 3.31. The UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes
upon heating the photolyzed methanoic solution of [Fe(tpy-pvp-H),]** (1) at 40°C. Insets
show the heating time.

It would be better if we could also monitor the isomerization process through
NMR spectroscopy. To this end, we attempted isomerization studies in the said solvents.
Unfortunately, the rate of isomerization process is extremely slow and we are unable to
see any observable change even after photolysis for about 12h. Concentration of the
complexes for NMR experiments were 10 M compared with 10> M used for absorption
and emission spectral studies.

The rate constant (kis;) and quantum yield (®) of isomerization were calculated
for both forward and backward process (thermal) in all solvents (Table 3.9). It is noticed

that kis, as well as @ are dependent upon irradiation wavelength as well as nature of the
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solvents. First of all, both kis, and ® was found to be much higher in presence of visible
light source in all solvents than that of UV light (Table 3.9). kis, is also dependent on
polarity as well as bulk viscosity of the solvents; found to be highest in DCM and least in
MeOH. The dependence of ki, and @ with different solvent parameters (viz. polarity
index, dielectric constant, and dipole moment) is displayed in Fig. 3.32-3.34. The
correlation is reasonably well with the exception of MeOH. Lesser value of ks, in more
polar solvents is probably because of greater degree of solvation leading to increase of
effective rotor volume of the complex cations. Free energy of activation (AG?) of the
isomerization processes (both forward and backward) were also calculated from Kkis,

values and by the use of Eying's theory. Calculated AG” values are presented in Table 3.9.

AG7 08¢ = 298R{In(Kz298/h.kiso) } (3)

Table 3.9 Rate constants, quantum yield and free energy of activation of trans—-cis and
cis— trans in isomerization process of [Fe(tpy-pvp-H),]** in different solvents.

Solvents| Monit- trans—cis (visible light) cis — trans trans—-cis (UV light) cis — trans
oring (thermal) (thermal)
Mnm | kigox10® | @x10° | AGY | kigox10° | AGH | kiox10* [@x102] AGY | kiux10° | AGY
/st A kMt | st kM /st kM
DCM 365 32.4 11.9 87.2 12.9 95.2 14.1 5.2 89.2 9.2 96.0
MeCN 361 9.1 3.8 90.9 8.4 96.2 2.6 1.1 100.2 1.7 100.3
DMSO 375 5.3 2.3 91.7 5.5 103.0 2.8 1.2 98.9 3.1 98.7
MeOH 365 4.3 1.3 92.2 2.5 99.2 0.8 0.5 96.2 0.5 103.2
40
(a) 124 Pocu (b)
30- 101
N N 81
- o
% 201 ! 6
° J
Q SA+B*X X YZA+B*X
! Parameter Value Error -e- 4_ Parameter Value  Error
1044 37790 0.22859 A 1328515 32628
B 005565 000653 DMSO ) B 026044  0.09531
O T T T T T 0 T T T T T T T T
0 10 20 30 40 50 60 5 10 15 20 25 30 35 40 45 50
Dielectric Constant Dielectric Constant

Fig. 3.32. Plot of rate constant (kis;) and quantum vyield (®) vs. dielectric constant of
solvents (a and b respectively) with linear least—squares fit to the data.
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Fig. 3.33. Plot of Rate constant (kis,) and Quantum Yield(¢) vs. Polarity Index of solvents
(aand b respectively) with linear least—squares fit to the data.
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Fig. 3.34. Plot of Rate constant (kis,) and Quantum Yield (®) vs. Dipole Moment of
solvents (a and b, respectively) with linear least—squares fit to the data.

We have previously reported photoisomerization behaviours of free tpy-pvp-X
ligands in presence of UV light [58]. We found that the lowest energy LLCT absorption
band within the spectral domain of 330-361 nm gradually decreases with concomitant
increase of a band ~355-390 nm upon irradiation. Free ligands exhibit strong emission
band within 389-420 nm which quenched substantially upon isomerization. The rate
constant of frans—cis isomerization was found to vary between 1.61 and 11.7 x 102 s™.
In the present study, we observed that photophysics and photo-isomerization of tpy-pvp-
X unit gets dramatically affected upon coordination with Fe?*. Coordination of Fe®* leads

to evolution of a strong band in the visible (~575 nm due to Fe(Il)—>tpy MLCT
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transition) and induces significant quenching of ligand-centered emission in [Fe(tpy-pvp-
X)2]. Photo-isomerization rate constants of Fe(ll) complexes retarded dramatically
(varying between 0.8 and 32.4 x 10 s, depending upon irradiating wavelength and
nature of solvents). This is a consequence of the presence of a low lying MLCT
electronic excited state that efficiently quenches the higher energy phantom p” state. In
addition, presences of several low energy vibrational states that are created upon

complexation, restrict the molecule from reaching the crossing point for isomerization.

It would be appropriate to give some insight about the isomerization process. Light-
induced ligand substitution of otherwise photochemically inert complexes is not very
unusual in DCM. Although [Ru(bpy)s]** is photochemically inert, there is evidence that it
undergoes photo-substitution in chlorinated solvent (such as DCM). While [Ru(bpy)s]*
as the PFg’ salt is photo-inert in water but in DCM, the photochemistry of [Ru(bpy)s] X2,
(X=CI’, Br, NCS) is well behaved [59-60], giving rise to Ru(bpy).X, with ¢ lying
between 10 and 10 A crucial difference between water and DCM solutions is that salts
of [Ru(bpy)s]** are fully ion-paired in the latter medium. The probable reason for photo-
substitution is thermally activated formation of a *MC excited state which induces a large

metal-ligand displacement in the excited state leading to the cleavage of Ru-N bond.

Proper understanding of photo-reactivity and photophysics of first-row transition
metal complexes is still a challenge for both experimentalists and theoreticians. Indeed
the high density of excited states of mixed characters with important contribution of
metal-centered (MC) states lead to a rich and extremely complicated photochemistry with
various competing channels of deacativation such as luminescence, non-radiative
processes, dissociation and isomerization. Due to lack of our expertise, we are unable to
calculate appropriately the low-lying triplet and quintet MC states which is crucial for
understanding the photophysics of Fe(ll)-polypyridine complexes. Usually, the pure
triplet IL state localized on the isomerizable ligand plays a central role in the
photoisomerization processes. It should be accessible via *MLCT/ALLCT to
SMLCT/ALLCT 1SC and/or *MLCT/ALLCT-3IL vibronic coupling. This could help at
deciphering the competition between luminescence /isomerization/dissociation and at

understanding why solvent effects are very important. The present data are not at
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maturity for pushing too far for mechanistic interpretation for the isomerization process
of present Fe(ll)-terpyridine complexes. We are still working on this and several
fundamental issues which we are unable to address presently are open for further

investigation for understanding the complete picture.

3.4 Conclusions

With regard to our aim for designing suitable base-metal complexes for the
development of new class of low-cost easily synthesizable photo-switches, we designed
in this work a new class of homoleptic Fe(ll)-terpyridine complexes by incorporating
styrylbenzene moiety as the photo-switchable unit and thoroughly investigated their
photoisomerization behaviours through absorption and emission spectroscopic
techniques. The complexes underwent trans-trans to cis-cis isomerization upon the action
of both visible and UV light with remarkable change in their absorption and emission
spectral profiles. The isomerization studies were performed in four different solvents, viz.
DCM, MeCN, MeOH and DMSO with both UV and visible light sources. Apart from
DCM, where de-coordination of Fe* takes place from the complex backbone upon
prolonged light exposure, isomerization process proceeds smoothly in all the other
solvents. The reversal from cis-cis to trans-trans isomerization also proceeds, albeit very
slowly, on keeping and can be accelerated upon heating. The rate, rate constant and
quantum vyield of isomerization were determined in all the solvents in presence of both
UV and visible light source. The kis, as well as @ is found to be much higher in presence
of visible light source in all solvents than that of UV light. kis, and @ is also dependent on
polarity as well as bulk viscosity of the solvents and a linear correlation is found between
either kis, or @ and different solvent parameters (viz. polarity index, dielectric constant,
and dipole moment). The present data are not sufficient for complete understanding of the
mechanistic aspects for isomerization process of Fe(ll)-terpyridine complexes. Close
proximity of several excited states with mixed characters together with sizeable
contribution of metal-centered (MC) states complicate the photochemistry with various
competitive process of relaxation, viz. emission, non-radiative processes, dissociation and
isomerization. We are still working on this and several fundamental issues which we are

unable to address presently are open for further investigation for understanding the
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complete picture. Although we are unable to present proper mechanistic details for

photoisomerization process, present Fe(ll)-terpyridine complexes could be useful for the

construction low-cost molecular photo-switches which in turn could be potential building

blocks for information processing and at the molecular level.
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4.1 Introduction

Supramolecular chemistry of anion recognition and sensing is continued to be a
vibrant area of research as few of them play crucial roles in biological, aquatic,
environmental and industrial processes [1-4]. Among the anions, detection of cyanide ion
as well as its quantification is a crucial task for the scientist because it is extremely toxic
to the environment and also for human health and other living organisms [5,6]. Sincere
efforts have been devoted for designing effective sensors for cyanide ion [7-11] and most
of the chemosensors usually recognize cyanide based on three well known strategies: (i)
the "binding site-signaling subunit™ approach where the binding sites and the optical
signaling moieties are covalently connected in such a manner that the interaction of CN°
with the binding site(s) induces electronic reorganization of the signaling subunit
resulting in change of their optical spectral behaviours [12-15], (ii) the "chemodosimeter"
approach whereby anion-induced chemical reactions usually occur resulting in changes in
fluorescence or color [7,8,16-19] and (iii) the "displacement” strategy wherein the
binding sites and signaling subunits are not usually covalently connected but form a
molecular adduct and upon coordination of CN™ to the binding site leads to the
displacement of the signaling subunit, which is usually accompanied with optical spectral
changes [20-26]. Each strategy has its own merits as well as demerits. In the first
strategy, the chemosensors usually detect CN™ by means of hydrogen bonding interaction
and most of the reported sensors suffer from the lack of selectivity. Both "displacement™
and "chemodosimeter" strategies have also some drawbacks such as lack of reversibility,
and requirement of energy (heat or light) to overcome the activation barrier for the
addition of cyanide to the active site of the chemosensors and usually irreversible in
nature. In addition, majority of the small molecule chemosensors for CN" are based on
organic molecules and show their sensing abilities mainly in organic media which in turn
are major deterrent for their use in practical application.

Compared with pure organic hosts, the receptors based on coordination
compounds of transition metals having wide variety of geometries and very rich
photophysical and electrochemical properties are relatively less in the literature [27-30].

Metal fragment in the complex usually acts as the reporter unit by modulating optical
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and/or electrochemical signal as a result of host—guest interaction [27-30]. Few low spin
d® transition metal complexes (such as Ru(ll), Os(I1), Rh(II1) and Ir(l11)) derived from
polyheterocyclic ligands were designed as anion sensors by virtue of their outstanding
photo-redox behaviors and in majority of cases the incoming anionic guest interacts with
suitable binding group located in the secondary coordination sphere in the complex [31-
40]. Although the platinum metals are very efficient in detecting selected anions because
of their unique combination of photophysical and electrochemical properties, but the
main disadvantage is their high cost which is a major problem for their practical
applications. To this end, we designed in this work, an Fe(ll) complex derived from a
terpyridine ligand functionalized with a diarylethylene moiety at the 4'-position of the
terpyridine ring (Chart 1). Owing to the lower energy metal-to-ligand charge transfer
band in the visible region, the complex offers both chromogenic and fluorogenic
detection of selected anions. In this work, we will thoroughly investigate the anion
sensing behaviors of the bis-terpyridine Fe(Il) complex in both organic as well as mixed

aqueous-organic media through multiple optical channels and spectroscopic techniques.

[Fe(tpy-pvp-Cl),]%* (1)

Chart 4.1. Molecular structure of the terpyridine ligand (tpy-pvp-Cl) and its Fe(ll)
complex of composition [Fe(tpy-pvp-CI)]** (1).
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4.2 Experimental
4.2.1 Materials

Tetrabutylammonium (TBA) salt of the anions were purchased from Sigma-
Aldrich.
4.2.2  Synthesis of the Fe(1l) complex, [Fe(tpy-pvp-Cl)2](ClO4), (1)

To a stirred CHCI3-MeOH (1:2, v/v) solution (25 mL) of tpy-pvp-Cl (110 mg,
0.25 mmol), a MeOH solution of Fe(ClO,4),-6H,0 (44 mg 0.12 mmol) was added. The
colorless solution immediately changed into blue-violet and during stirring at room
temperature for ~1h microcrystalline compound deposited. The compound was filtered,
washed with water, and dried in a vacuum. The crude compound was washed with
chloroform and then purified by alumina column chromatography using 1:10 (v/v)
toluene-MeCN mixture. The compound was finally recrystallized from MeCN-MeOH
(1:2, v/v) mixture when a violet microcrystalline compound was obtained: yield 100 mg
(76%). Elemental anal. Calcd. for CsgH4oNsCl4OgFe: C,60.75; H, 3.51; N, 7.329. Found:
C, 60.71; H, 3.53; N, 7.34. *H NMR (300 MHz, CDsCN. & / ppm) : 9.22( s, 2H, H3'),
9.17(s, 2H, H3'), 8.64-8.6028( nr, 4H, H6), 8.36 ( d, 2H, H8, J = 7.5), 8.23 (d, 2H, H7, J
= 7.92), 7.99(d, 2H, H4, J = 9.0), 7.90( m, 4H, H4+H8), 7.69-7.62( m, 4H, H11), 7.48-
7.46( nr, 2H, J = 6.0, H7), 7.36( s, 6H, H3+H10), 7.19( d, 4H,H12), 7.08( nr, 4H, H5),
6.86( d, 2H, H9, J = 6.0). ESI-MS (positive, CH3CN): m/z = 473.03(100%) [Fe(tpy-pvp-
CI),J*.

Caution! Perchlorate salt of the Fe(ll) complex used in this study is potentially
explosive and therefore should be handled in small quantities with care.
4.2.3 Physical measurements

Anion sensing studies of the receptor were carried out in acetonitrile as well as in
MeCN-H,0 (1:100 v/v). For a typical titration experiment, 2 pL aliquots of a given anion
(2.0 x 1072 M) were added to a 2.5 mL solution of the Fe(ll) receptor (1.0x10° M).

Either TBA or sodium salts of different anions were used for titration experiments.
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4.3 Results and discussions
4.3.1 Synthesis and characterization

The synthesis and characterization of the ligand (tpy-pvp-Cl) is reported in
chapter 2. The Fe(ll) complex is synthesized upon treating tpy-pvp-Cl with [Fe(ClO,).]
in 2:1 molar ratio in CHCI3-MeOH (1:2, v/v) mixture at RT and purified through column
chromatography followed by recrystallization from CHCI3-MeOH (1:2, v/v) mixture. The
complexes are characterized by elemental (C, H and N) analyses as well as ESI mass and
NMR spectroscopy.

The *H NMR spectrum of tpy-pvp-Cl as well as its Fe(Il) complex, [Fe(tpy-pvp-
Cl),)** are presented in Fig. 4.1. Both compounds exhibit a number of resonances in the
aromatic region and tentative assignment of the proton resonances were done by taking
advantage of their (*H-'H) COSY NMR spectra. The terpyridine (H3-H6) protons as well
as the protons associated with styrylbenzene unit (H9-H12) lying in the region between
7.32 and 8.72 ppm have been assigned by taking into consideration the multiplicities of
the peak, values of the coupling constants as well chemical shifts values.

Upon coordination with Fe®*, the chemical shifts of the tpy-pvp-Cl protons are
presented in Fig. 4.1b. H3' proton of tpy moiety gets significantly down-field shifted
while the other tpy protons (H7-H11) get moderately down-field shifted due to the drift
of electron density from the heteroaromatic moieties to the Fe?* center. The chemical
shift of H9 and H10 protons associated with ethylenic double bond is also shifted towards
down-field region. H3 proton resonance, on the other hand, shifted remarkably towards
up-field region probably because of ring current anisotropic effect induced by the
adjacent terminal pyridine ring of the tpy moiety.
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Fig. 4.1. 'H NMR (300 MHz) spectra of tpy-pvp-Cl (a) in CDCI; and [Fe(tpy-pvp-
CI),]** (b) in CDsCN.

4.3.2 Absorption and emission spectral properties

Absorption spectrum of free ligand (tpy-pvp-Cl) in acetonitrile consists of a band
at 318 nm which arises mainly due to intra-ligand charge transfer transition (ILCT) and
the next higher energy band at 284 nm, assignable predominantly due to m—=* transitions
within the aromatic moieties of the ligand. Upon excitation on either of the two
absorption maxima, an intense emission band was observed at 407 nm whose quantum
yield (®) is 0.030 and lifetime (t = 1.0 ns). The absorption spectrum of acetonitrile
solution of [Fe(tpy-pvp-Cl),]** shows an intense band at 572 nm which is due to

Fe''(dn)-n*(tpy) MLCT transition. The spectrum of the complex also exhibits a series of
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higher energy absorptions arising from ligand centered m-n and n-m" transitions. Upon
excitation at any of the absorption band, the complex does not exhibit any emission at
room temperature. Literature reports suggest that the photophysics of the polypyridine
Fe(Il) complex is complicated by the presence of low lying ligand field (LF) excited
states [43-45]. These states arise from population of the empty metal do* orbitals.
Although optical transitions to yield the LF excited states are not dipole-allowed and are
therefore of low probability, the LF states can become populated by crossing from the
MLCT states. This occurs readily in polypyridine Fe(ll) complexes where the LF state
lies below the MLCT state [43-45].

4.3.3 Anion sensing studies of the metalloreceptor through different optical channels

and spectroscopic techniques

The sensing ability of the metalloreceptor was initially investigated on a
qualitative basis by visual inspection of its anion-induced color changes in both
acetonitrile and water. Tetrabutylammonium salts of F', CI', Br,, I, CN", OAc’, H,POq,
SCN’, BF; and CIO, were used for the sensing studies. It was observed that upon
addition of 12 equiv of various anions in acetonitrile, the bright violet colored solution of
the Fe(ll) complex became colorless in presence of F and OAc” ions, while the color
changes to light green in presence of CN™ (Fig. 4.2).
In contrast to acetonitrile, the deep violet color of the metalloreceptor became faint in
mixed aqueous-acetonitrile only in presence of CN"among the other studied anions (Fig.
4.3). Upon irradiation with UV light of wavelength 365 nm, bright bluish-green
fluorescence color was observed in the presence of F', OAc™ and CN" ions in acetonitrile
(Fig. 4.2), while the similar fluorescence color was observed in presence of only CN™ in
mixed aqueous-acetonitrile medium (Fig. 4.3). Thus, visual color change of the
metalloreceptor can be useful for the “naked-eye” detection of said anions in both organic
as well as aqueous medium. In addition, selectivity is increased significantly in water
where the metalloreceptor exclusively sense CN" in presence of the other studied anions.
This prompts us to investigate the anion sensing behaviors of the metalloreceptor through

various spectroscopic techniques.
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Fig. 4.2. Color changes that are observed in naked eye (a) and in presence of UV light (b)
when the acetonitrile solutions of the metalloreceptor (5%x10™ M) are treated with various
anions (5.0x10° M).

Fig. 4.3. Color changes that are observed in naked eye (a) and in presence of UV light (b)
when the H,0-MeCN (100:1, v/v) solutions of the metalloreceptor (5x10° M) are treated
with various anions (5.0x107 M).
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UV-vis absorption and emission spectra of the metalloreceptor in presence of
various anions are presented in Fig. 4.4. The MLCT band at 572 nm gets significantly
affected compared with the other bands in the UV region in both media. In acetonitrile,
upon addition of 12 equiv of the anions, the MLCT band is completely disappeared in
presence of F', while substantial diminution of the MLCT band along with evolution of
weak and broad band in the longer wavelength region are observed for OAc™ and CN°
(Fig. 4.4a). In contrast to neat acetonitrile, the diminution of the MLCT band occurs only
with CN™ in mixed-aqueous medium (Fig. 4.4b). Free metalloreceptor is non-luminescent
at room temperature but addition of the various anions, substantial emission enhancement
at ~407 nm was observed for each of F, OAc” and CN", albeit in different extent(Fig.
4.4c). In line with absorption spectra, the enhancement of emission occurs only with CN”

in mixed-aqueous medium (Fig. 4.4d).

To have quantitative information about the receptor-anion interaction process,
absorption and emission titration of the metalloreceptor was carried out with incremental
addition of the anions. It was observed that the MLCT band at 572 nm in acetonitrile
medium gradually decreased in intensity and finally completely disappeared upon
addition of 12 equiv of either F or OAc™ with concomitant disappearance of the violet
color of the solution (Fig. 4.5a-4.6a) and the final spectrum at saturation looks very
similar to that of the free ligand. In contrast to F* or OAC’, saturation occurs upon addition
of 6 equiv of CN™ and color of the resultant solution became light green with weak and
broad band spanning in the range between 540 nm and 620 nm (Figure 4.7a). In each case,
successive absorption curves pass through several well-defined isosbestic points. We are not
very sure about the actual species that formed at saturation but to the best of our expectation,
the composition of the final product may be [Fe(tpy-pvp-CI)(CN)s]**. The result of the blank
experiment involving titration of Fe(ClOg4), with incremental addition of CN™ does not
impart any green color in the final solution which can rule out the probable formation of
[Fe(CN)g]** as in the case of F or OAC".
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Fig. 4.4. UV-vis absorption (a and b, respectively) and photoluminescence (c and d,
respectively) spectral changes of 1.0x10° M solutions of the metalloreceptor in
acetonitrile and water-acetonitrile (100:1, v/v) mixture upon addition of different anions
(100 pL) as their TBA and sodium salts (5.0x10° M). Excitation wavelength for

recording emission is 330 nm.
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Fig. 4.5. UV-vis absorption (a) and photoluminescence (Aex: 330 nm) (b) spectral changes
of the metalloreceptor (1.0x10° M) in acetonitrile upon incremental addition of F
(5.0x10° M). The insets show the equivalent plot of the experimental absorbance and

luminescence data.
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Fig. 4.6. UV-vis absorption (a) and photoluminescence (Aex: 330 nm) (b) spectral changes
of the metalloreceptor (1.0x10™° M) in acetonitrile upon incremental addition of OAc’
(5.0x10° M). The insets show the equivalent plot of the experimental absorbance and
luminescence data.

The emission titration of  Fe(tpy-pvp-Cl)),]** as a function of the said anions was
also carried out. Incremental addition of the said ions gives rise to gradual emission
enhancement at 407 nm and finally saturated upon addition of 12 equiv of F" or OAc’ (Fig.
4.5b - 4.6b). 1t is of interest to note that the extent of emission enhancement is little less in
case of CN™ compared with F* or OAc™ (Fig. 4.4c). Thus both absorption and emission

titration data clearly indicate that addition of the said anions lead to sequester Fe?* from the
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Fig. 4.7. UV-vis absorption (a) and photoluminescence (Aex: 330 nm) (b) spectral changes
of the metalloreceptor (1.0x10° M) in acetonitrile upon incremental addition of CN
(5.0x10° M). The insets show the equivalent plot of the experimental absorbance and
luminescence data.
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complex to form a more stable ion-pair or complex cation (such as [FeFs]*) and excess
anions (except CN") lead to regenerate the free terpyridine ligand.

In aqueous-acetonitrile medium, the titration profiles in presence of CN" differ
from those in neat acetonitrile (Fig. 4.8). It may be mentioned here that absorption and
emission spectral titrations of the metallorecptor were conducted in HEPES buffer
solution at pH 7.2 to exclude the disturbance from hydroxide ion which may be produced
from the hydrolysis of cyanide in water. Gradual reduction of absorbance along with
small red-shift of the MLCT band and enhancement of emission intensity at 410 nm was
also observed upon incremental addition of 12.0 equiv of CN" but the extent of change is
much less compared with neat acetonitrile (Fig. 4.7). Further addition of CN™ gives rise to

gradual precipitation of the resulting complex.
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Fig. 4.8. UV-vis absorption (a) and photoluminescence (Aex: 330 nm) (b) spectral changes
of the metalloreceptor (2.0x10° M) in water-acetonitrile (100:1, v/v) mixture upon
incremental addition of CN™ (5.0x10° M). The insets show the equivalent plot of the
experimental absorbance and luminescence data.

To prove the interaction of metalloreceptor with various anions, *H NMR titration
experiments were conducted upon incremental addition of F* and OAc™ in DMSO-ds as
well as with CN™ in CDsCN (Fig. 4.9-4.10). 5.0x10% M solution of complex was
employed in the titration experiment. Upon addition of both F" and OACc’, the chemical
shifts of H3' and H6 are found to be remarkably up-field shifted, H7-H10 protons
moderately up-field shifted, while H5 and H11 protons shifted to small down-field
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region. Assignments of the different protons in the final spectrum indicate that the
spectrum is of that of the free ligand, although small variation of spectral pattern is
observed between the spectrum recorded in CDCl3 and DMSO-dg. Thus, both F and
OAcC’ induce complete decoordination of Fe(ll) center from the complex yielding the free
ligand. The spectral profile in presence of CN™ is quite different from both F and OAc
(Fig. 4.10). It is observed that complete displacement of Fe(ll) ion from the complex does
not occur. Instead, one terpyridine ligand is still coordinated with Fe(ll), while the second
one is probably displaced by three incoming CN" ligands. In addition, some small but
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Fig. 4.9. *H NMR (300 MHz) spectral titration of the metalloreceptor in DMSO-ds (2.5 x
10 M) upon gradual addition of F~ ion (0-12 equiv).
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Fig.4.10. '"H NMR (300 MHz) spectral titration of the metalloreceptor in CDsCN (2.5 x
10~ M) upon gradual addition of CN" ion (0-6 equiv).

finite change in spectral pattern and/or chemical shift of selected terpyridine protons (H6,
H5, and H4) occurs upon displacement of one ligand moiety from the Fe(ll) center. UV-
vis absorption spectral titrations also indicate the same conclusion. Even after addition of
excess CN™ to the acetonitrile solution of the complex, clear broad (most probably
MLCT) bands in the visible range (between 540 nm and 620 nm) are observed indicating
the coexistence of both the ligand as well as Fe(ll).

For practical applicability, the limit of detection and selectivity of the metalloreceptor are
very important parameters. To this end, we have determined the detection limit of the

metallorecetor by utilizing the absorption and emission titration data in both media and
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the values are provided in Table 4.1. The calculated values (lying in the range between
(1.18+0.03)x10° M - (1.19+0.04)x10° M for F and between (1.18+0.06)x10° M and
(2.20+0.02)x10® M for CN") indicate that the complex provides extremely low limit
detection of CN’, even in mixed aqueous-organic medium (Fig. 4.11-4.16). The

selectivity of the metalloreceptor towards a particular ion such as F or CN" in presence

Table 4.1 Spectrophotometric and fluorimetric detection limits of [Fe(tpy-pvp-Cl),]**in
acetonitrile and water-acetonitrile (100:1, v/v) mixture.

Compound Detection Limit (M) Detection Limit (M) Detection Limit (M)
in acetonitrile in acetonitrile in water-acetonitrile (100:1,
v/v) mixture
[Fe(tpy-pvp- F CN’ CN’
CI)2]2+ Abs Emission Abs Emission Abs Emission
(1.18+0.03) | (1.19+0.04) | (2.00+0.04) | (1.18+0.06) | (2.20+0.02)x | (1.90+0.06)
x10° x10° x10° x10° 10°® x10°®
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Fig. 4.11. (a) Absorption spectral changes during the titration of the [Fe(tpy-pvp-Cl),]*
with Fin acetonitrile. Inset to (a) shows normalized absorbance between the minimum
absorbance and the maximum absorbance. (b) A plot of (A-Anin)/(Amax-Amin) VS Log([F
]); the calculated detection limit of receptor is 1.186 x 107.

of other studied anions was also investigated. UV-vis absorption and emission
measurements were performed by treating the aqueous solution of the complex (¢ ~ 2 x

10° M) with any of the two anions (F or CN") in the presence of each of the other studied
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Fig. 4.12. (a) Fluorescence spectral changes during the titration of the [Fe(tpy-pvp-Cl),]*
with F in acetonitrile. Inset to (a) shows normalized intensity between the minimum
intensity and the maximum intensity. (b) A plot of (I-Imin)/(Imax-Imin) VS Log([F]); the
calculated detection limit of receptor is 1.19 x 10°°.
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Fig. 4.13. (a) Absorption spectral changes during the titration of the [Fe(tpy-pvp-Cl),]*
with CN"in acetonitrile. Inset to (a) shows normalized absorbance between the minimum
absorbance and the maximum absorbance. (b) A plot of (A-Amin)/(Amax-Amin) VS
Log([CN]); the calculated detection limit of receptor is 2.0 x 10°°.

anions. In the competition experiments, we are still able to observe color as well as
spectral changes in presence of each of F, CN"and OACc™ in acetonitrile while the color

and spectral change occurs only with CN™ in water. Likewise, enhancement of emission
also occur with F-or CN" in acetonitrle whereas only in presence of CN" in water. Once a
particular ion among the two (F or CN") is added, the other anion was unable to make

any further change. The inability of the complex to sense F" and OACc™ in agueous medium
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Fig. 4.14. () Fluorescence spectral changes during the titration of the [Fe(tpy-pvp-Cl),]*
with CN" in acetonitrile. Inset to (a) shows normalized intensity between the minimum
intensity and the maximum intensity. (b) A plot of (I-Imin)/(Imax-Imin) VS Log([CNT); the
calculated detection limit of receptor is 1.18 x 10°°.
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Fig. 4.15. (a) Absorption spectral changes during the titration of the [Fe(tpy-pvp-Cl),]*
with CN"in H,O-MeCN- (100:1, v/v) mixture. Inset: to (a) shows normalized absorbance
between the minimum absorbance and the maximum absorbance. (b) A plot of (A-
Anin) (Amax-Amin) Vs Log([CN]); the calculated detection limit of receptor is 2.20 x 10°®,

is due to the higher hydration energy of F (AGy°= -465 kJ/mol) and OAc™ (AGy°= -465
kJ/mol) compared with CN™ (AG,°=-295 kJ/mol). In addition, higher pK, value for HCN
in water (pKa = 9.0) compared with HF (pKa = 3.17) and HOAc (pKa = 4.75) shows

more basic character of CN” compared with F~ and OAc™ in water.** The results clearly
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indicate that the metalloreceptor possesses very high selectivity towards CN™ over the

other anions in predominantly aqueous medium.
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Fig. 4.16. () Fluorescence spectral changes during the titration of the [Fe(tpy-pvp-Cl),]*
with CN™ in H,O-MeCN- (100:1, v/v) mixture water. Inset to (a) shows normalized
intensity between the minimum intensity and the maximum intensity. (b) A plot of (I-
Imin)/(Imax-1min) VS LOg([CN']); the calculated detection limit of receptor is 1.90 x 10°®,

4.4 Conclusions

In this work, we report an unprecedented homoleptic bis-terpyridine Fe(ll)
complex for multichannel sensing of selective anions in both organic and aqueous
medium by taking profit of metal-ligand interaction via displacement approach. In
acetonitrile medium the metalloreceptor functions as sensor for F, OAc” and CN" without
selectivity, but in water it acts as chromogenic and fluorogenic sensor for only CN" ion.
One of the most important observations of this work is that the Fe(ll) complex exhibits
very high selectivity and sensitivity towards CN™ in water with very low detection limit

up to 10 M and thus may be useful for real practical application.
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5.1 Introduction

There is increasing interest in the fabrication of task-specific materials as a
response to external stimuli such as light, heat, mechanical effects or chemical species
[1-6]. Among the different external stimuli, light is one of the most convenient source
and the substances can be excited at desired wavelength of choice spanning within a wide
domain (UV to IR). The interaction event can often lead to different performances, such
as emission of light, electron or energy transfer, conformational changes, sensitization or
chemical transformation which can lay the foundations for many applications [7-16]. An
optical stimulation is also very loyal to user, and switching off the source creates an
instant turn off of the optical signal. Moreover, the light sources can be remote controlled
over a long distance which is beneficial for the design of optical information storage,
high density optical memory, and optical switches [11-14,17].

Stilbene and its derivatives undergo optically stimulated reversible trans-cis
isomerization and constitute an important class of photo-responsive materials [18-22].
The conformational change is coupled with a significant alteration of their photophysical
behaviors which in turn is useful for practical applications. Even though lots of studies
were performed with purely organic stilbene derivatives, but analogous studies with their
coordination complexes are comparatively limited in the literature [18-22]. Compared to
organic compounds, metal complexes offer a greater variety of electronic structures, in
relation to the coordination sphere, electronic configuration and oxidation state of the
metal [23-33]. To mimic the function of photochemical molecular devices (such as photo
switches) in metal complexes, one of the most effective strategies is to reversibly alter
their properties by inducing conformational changes on the photo-responsive component
appended on the ligands. Majority of the studies to this end are primarily focused on
noble metals which are very expensive and the synthetic procedures often demand very
drastic conditions [23-33]. Our primary objective in this work is to design suitable base-
metal complexes which could show off similar behavior and can lead to the construction
of a new class of low-cost and easily synthesizable photo-switches.

For achieving our goal, we report in this work synthesis, characterization,
photophysics, and reversible trans-cis photoisomerization properties of a new class of

homoleptic Zn(l1)-terpyridine complexes of composition [Zn(tpy-pvp-X)2]** (X = H, Me,
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and NO,) covalently attached with photo-responsive stilbene moiety (Chart 1). Among
the polypyridines, 2,2:6’,2"-terpyridine affords an excellent building motif for the
construction of molecular systems around the photoactive metal centers [34-41]. The
superiority of terpyridine over bipyridines is because of its effortless functionalization,
particularly at 4'-positon and competence to build up linear achiral structures [34,35].

Low-cost zinc metal is playing progressively important role for the design of a
wide variety of coordination complexes with interesting photophysical properties which
in turn can be useful in nonlinear optical properties as well as multi-photon fluorescent
probes [42-45]. Because of d*° electronic configuration, Zn(11) complexes do not display
stereochemistry preference arising from ligand field stabilization effects and they can
acquire a wide variety of geometries and coordination numbers, depending upon the
electronic nature and stereochemistry of ligands. The important characteristics of zinc
also allows the preparation of complexes with intense intra-ligand charge transfer
(LLCT) absorption and emission at low energy [42-45]. In addition, the absence of low-
energy metal-to-ligand (MLCT) or metal d-d electronic transitions makes these zinc
complexes generally more optically transparent than other metal d" congeners.

Optically stimulated reversible trans-cis isomerization of stilbene appended
heavier transition metal complexes (particularly Re, Ru, Ir and Pt) were thoroughly
investigated by different research groups [46-56]. The results of these investigations laid
the foundation for the construction of effective photo molecular switches. In contrast to
noble metal analogues, similar investigations with low cost 3d metals are much less in
literature [57-59]. Although, Zn(ll)-terpyridine complexes appended with one or more
stilbene moiety are reported with regard to the design of efficient two-photon probes for
bioimaging [60] and improvement of second-order nonlinear optical (NLO) responses
[61], no report dealing with their photo-isomerization aspects are available in the
literature. Herein, we address the influence of solvents and the effect of electron
donating/withdrawing substituent (X) on their optical properties as well as
thermodynamic and kinetic features of photoisomerization procedure. The influence of
excitation wavelength on thermodynamic and kinetic features of isomerization procedure
will also be maneuvered. In essence, substantial alteration of the optical properties along

with switching of emission spectral characteristics of the complexes is made possible
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upon isomerization. Moreover, the emission spectral output as a function of photonic and
thermal inputs is utilized for the fabrication of INHIBIT and IMPLICATION logic gates.
The processing of information at the molecular level is now a very active area of research
and proper utilization of sequential logic functions exhibited by molecular and
supramolecular species is a huge challenge in research filed of information technology
[62-66]. In conjunction with experiment, theoretical studies employing DFT and TD-DFT
methods are also carried out to acquire insight about the electronic structures of the
complexes, correct assignment of the spectral bands, and to understand the actual mode

of isomerization process.

[Zn(tpy-pvp-X),]?* X = H (1); X = Me (2), and X = NO, (3)

Chart 5.1. Chemdraw structures of the complexes under present investigation.

5.2 Experimental
5.2.1 Materials

Chemicals and solvents are procured either from Sigma or from the local vendors.
The synthesis and characterization of the ligands, tpy-pvp-X (X = H, Me, and NO;) have

already been reported in chapter 2.
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5.2.2 Synthesis of the metal complexes

A general procedure for the synthesis of the Zn(11) complexes is give below.
[Zn(tpy-pvp-H)21(Cl04): (1)

To a stirred CHCI3-MeOH (1:2, v/v) solution (25 mL) of tpy-pvp-H (222 mg, 0.5
mmol), a MeOH solution of Zn(ClQO,),-6H,0 (93 mg 0.25 mmol) was added. The color
of the solution immediately changed into yellow and during stirring for ~1h, a
microcrystalline compound deposited. The compound was filtered, washed with water,
and dried in a vacuum. Crude compound was washed with chloroform and then purified
by alumina column chromatography using 1:10 (v/v) DCM-MeCN mixture. The
compound was finally recrystallized from MeCN-MeOH (1:2, v/v) mixture resulting in
pale yellow microcrystalline compound: yield 380 mg (70%). Elemental anal. Calcd. for
CssH42NgClo0gZn: C,64.07; H, 3.89; N, 7.72. Found: C, 64.08; H, 3.90; N, 7.72. *H
NMR (400 MHz, CDsCN, &/ppm) : 9.16 (s, 4H, H3/), 8.89 (d, 4H, J=7.6, Hg), 8.50-8.42
(m, 8H, Hs+H>), 8.33 (d, 4H, J=8.0,Hsg), 7.95-7.90 (m, 8H, Hy;+H3), 7.69 (d, 4H, J=7.6,
Hiz), 7.58 (d, 2H, J=16.0, 2H), 7.51(d, 2H, J=15.8, 2H10) 7.42 (t, 4H, Hs). ESI-MS
(positive, CHsCN): m/z = 443.15 (100%) [Zn(tpy-pvp-H).]*.

[Zn(tpy-pvp-Me)2](ClO4)2 (2)

Yield 362 mg (65%). Elemental anal. Calcd. for CgoHssNsCl20gZn: C,64.61; H,
4.15; N, 7.53. Found: C, 64.14; H, 4.12; N, 7.33. '"H NMR (400 MHz, CDsCN, &/ppm) :
8.86 (s, 4H, Hs), 8.66 (d, 4H, J=8.0, Hg), 8.34-8.31 (m, 8H, Hj:H;), 8.07 (d, 4H,
J=7.2,Hg), 7.81 (d, 4H, J=9.2, Hy1), 7.52-7.49 (m, 8H, Hip:Hs), 7.33 (d, 2H, J=16.2,
2Hy), 7.25(d, 2H, J=16.0, 2Hc) 7.18 (t, 4H, Hs).ESI-MS (positive, CH3CN): m/z =
457.13 (100%) [Zn(tpy-pvp-Me),]**.

[Zn(tpy-pvp-NO2).](Cl04): (3)

Yield 424 mg (72%). Elemental anal. Calcd. for CsgH4oNgCl,012Zn: C,59.17; H,
3.42; N, 9.51. Found: C, 59.10; H, 3.40; N, 9.52. '"H NMR (400 MHz, CDsCN, &/ppm)
9.33 (s, 4H, Hs), 9.11 (d, 4H, J=8.0, He), 8.98 (d, 4H, J=7.6, H;), 8.87 (d, 4H, J=7.4, Hpg),
8.43-8.39 (t, 8H, Ha), 8.26 (d, 4H, J=7.8, Hi1), 7.98-7.92 (m, 8H, Hi,+Hs,), 7.84(d, 2H,
J=15.6, 2Hy), 7.77(d, 2H, J=15.8, 2Hay), 7.65 (t, 4H, Hs). ESI-MS (positive, CH3CN):
m/z = 489.18 (100%) [Zn(tpy-pvp-NO,),]*".
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5.2.3 Physical measurements
Detailed descriptions of the instruments and the methods for carrying out different
physicochemical measurements as well as computational works have already been

provided in chapter 2 and chapter 3.

5.3 Results and discussion
5.3.1 Synthesis and characterization

The Zn(11) complexes are synthesized upon treating tpy-pvp-X with [Zn(ClO,),]
in 2:1 molar ratio in chloroform-methanol (1:1, v/v) mixture at RT and purified through
column chromatography followed by recrystallization from chloroform-methanol (1:2,
v/v) mixture. The complexes are characterized by elemental (C, H and N) analyses as
well as ESI mass and NMR spectroscopy.
5.3.2 NMR spectra

'H NMR spectra of the complexes 1-3 in CD3sCN are presented in Fig. 5.1. The
entire proton resonances are tentatively assigned by comparing with the *H NMR spectra
of the related complexes [43]. The overall spectral pattern suggests that the two tpy-pvp-
X units around the Zn?* center are oriented symmetrically. The singlet at ~2.31 ppm (not
displayed in Fig. 5.1) which integrates three protons is assignable as methyl protons of
tpy-PhCH3 motif in 2. A second singlet which appears within 9.33-8.86 ppm region and
integrates four protons is due to Hs. A pair of doublets that appear within 7.25-7.84 ppm
is due to ethylenic protons (Hg and Hio). The spectral pattern and the values of coupling
constants of Hg and Hio protons suggest the trans-trans conformation of the complexes.
5.3.3 Mass spectra

Electrospray ionization mass spectra of the complexes along with their isotopic
distribution are presented in Fig. 5.2. A strong peak is observed at m/z = 443.15 for 1 and
457.13 for 2. The agreement between the experimental and calculated pattern is quite
good. The peak corresponds to the bi-positive ion of the type [Zn(tpy-pvp-X).]** in the

complexes.
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[Zn(tpy-pvp-X)2]?*

X = H,Me, NO,
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Fig. 5.1. *H NMR spectra of 1 (a), 2 (b) and 3 (c) in CDsCN.

5.3.4 Computational investigations

Geometry optimization of the Zn(Il)-terpyridine complexes in their trans-trans
forms were performed in acetonitrile by using Gaussian 09 program [81] and employing
the DFT method with B3LYP/level and CAM- B3LYP level of theory [82-83]. 6-31G*
basis sets were employed for the C, H, N, and O while LanL2DZ basis set was employed
for the Zn atom [83]. The optimized structures are presented in Fig. 5.3. Representative

bond distances and angles are provided in Tables 5.1-5.2. Zn?* is coordinated in bis-
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Fig. 5.2. ESI mass spectra for [Zn(tpy-pvp-H)-]** (a) (m/z = 443.15) and [Zn(tpy-pvp-
CHs),]** (b) (m/z = 457.13) in acetonitrile showing the observed and simulated isotopic
distribution pattern.

tridentate manner with two tpy-pvp-X units in the complexes with distorted octahedral
geometry. Frontier molecular orbital plots show that with a few exception, the HOMOs
are predominantly located on stilbene and p-substituted phenyl group (Table 5.3 and
Fig. 5.4). LUMOs are mainly located on the tpy motif with small contribution of stilbene
moiety with the exception of 3, where the LUMOs are principally located on either
nitrobenzene or tpy unit (Table 5.3 and Fig. 5.4).

TD-DFT calculations are performed by using both B3LYP and CAM-B3LYP
level to get the calculated absorption spectra of the complexes and the results are
summarized in Fig. 5.5 and Tables 5.4-5.5. The participation of FMOs in their lowest
energy band is also displayed in Fig. 5.5. The lowest energy band is principally due to
stilbene to terpyridine charge transfer (LLCT) transitions, while the next higher energy

band is found to be an admixture of both LLCT and 7-r transitions.
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[Zn(tpy-pvp-H),]**

[Zn(tpy-pvp-NO,

Fig. 5.3. Ground state optimized geometries of the trans-trans form of Zn(I1l) complexes
of composition [Zn(tpy-pvp-X)2]** (X= H, Me, and NO,) in acetonitrile.

Table 5.1 Selected calculated bond distances (A) of trans-trans form of [Zn(tpy-pvp-

[Zn(tpy-pvp-Me),]**

D o ¢
B

= <
-Sabos

)2l

X)2]2+ where X=H, Me, NO, at TD-DFT/B3LYP level.

trans-trans

[Zn(tpy-pvp-H).**

Zn1-N1 2.235
Zn1-N2 2.126
Zn1-N3 2.233
Zn1-N4 2.233
Zn1-N5 2.126
Zn1-N6 2.235
[Zn(tpy-pvp-Me), ]
Znl1-N1 2.235
Zn1-N2 2.126
Zn1-N3 2.233
Zn1-N4 2.233
Zn1-N5 2.126
Zn1-N6 2.235
[Zn(tpy-pvp-NO,),]*"
Zn1-N1 2.233
Zn1-N2 2127
Zn1-N3 2.234
Zn1-N4 2.234
Zn1-N5 2.127
Zn1-N6 2.233
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Table 5.2 Selected calculated bond angles (deg) of trans-trans form of [Zn(tpy-pvp-
H).]%, [Zn(tpy-pvp-CHs)-]** and [Zn(tpy-pvp-NO,),]** at TD-DFT/B3LYP level.

[Zn(tpy-pvp-H),]** [Zn(tpy-pvp-CHa)2]* [Zn(tpy-pvp-NO2),]**
N6Zn1N2 104.32 N6Zn1N2 104.33 N6Zn1N2 105.02
N6Zn1N3 93.84 N6Zn1N3 93.84 N6Zn1N3 93.83
N6Zn1N4 149.93 N6Zn1N4 149.93 N6Zn1N4 149.96
N6Zn1N5 74.93 N6Zn1N5 74.93 N6Zn1N5 74.96
N6Zn1N1 93.98 N6Zn1N1 93.98 N6Zn1N1 93.83
N2Zn1N3 74.99 N2Zn1N3 74.99 N2Zn1N3 74.99
N2Zn1N4 105.74 N2Zn1N4 105.73 N2Zn1N4 105.01
N2Zn1N1 74.93 N2Zn1N1 74.93 N2Zn1N1 74.96
N4Zn1N5 74.99 N4Zn1N5 75.00 N4Zn1N5 74.99
N4Zn1N1 93.84 N4Zn1N1 93.84 N4Zn1N1 93.83
N4Zn1N3 93.75 N4Zn1N3 93.75 N4Zn1N3 93.89
N5Zn1N1 104.32 N5Zn1N1 104.34 N5Zn1N1 105.02
N5Zn1N3 105.74 N5Zn1N3 105.72 N5Zn1N3 105.01
N1Zn1N3 149.93 N1Zn1N3 149.93 N1Zn1N3 149.96
N2Zn1N5 178.95 N2Zn1N5 178.97 N2Zn1N5 179.98

The lowest triplet states (T1) of the complexes are also optimized in the solution
state by TD-DFT calculation using B3LYP/level methodology. The singly occupied
molecular orbitals (SOMOSs) which participate in the lowest lying triplet excited state of
the complexes are presented in Fig. 5.6 and the singlet-triplet excitation energies at the
lowest triplet state are presented in Table 5.6. Upon analysis of the dominant transition, it
could be concluded the emission is originated mainly from radiative deactivation of
3LLCT excited state featuring SOMOs located on the stilbene and tpy unit for 1 and 2,
while on stilbene and nitrobenzene moiety for 3. In addition to TD-DFT, UKS
calculations are also performed directly on the triplet state of the complexes using both
B3LYP and CAM- B3LYP methods (Table 5.7-5.8). The emission energies of the
complexes are obtained from the energy difference between the ground singlet and the
excited lowest triplet state in the optimized geometry. The calculated emission maximum
on the basis of TDDFT and UKS are presented in Table 5.6-5.8. The spin density plots
for the complexes in their triplet state derived from UKS calculations are also presented
in Fig. 5.7 to get an idea about the nature of the emitting exited state in the complexes. In
line with TD-DFT calculations, the spin density plots also suggest that the emission is

originated from radiative deactivation of the *LLCT.
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Table 5.3 Selected MOs along with their energies and compositions in the ground state at
level for trans-trans form of
[Zn(tpy-pvp-CH3)2]** (2) and [Zn(tpy-pvp-NO»),]** (3) in acetonitrile.

the TD-DFT/CAM-B3LYP

[Zn(tpy-pvp-H)1* (1),

MO [Zn(tpy-pvp-H).]™* (1)

Energy/ % Compositions

ev

Trans- Trans-trans

trans Zn Tpy | Styryl- | Benza

benz |
LUMO+3 -1.35 0.00 | 99.47 | 0.52 0.00
LUMO+2 -1.41 0.06 | 99.42 | 0.50 0.00
LUMO+1 -1.78 0.68 | 80.27 | 16.58 2.45
LUMO -1.78 0.62 | 80.46 | 16.48 243
HOMO -7.31 0.00 | 443 | 6184 | 33.71
HOMO-1 -7.31 0.01 | 439 | 6183 | 33.74
HOMO-2 -8.69 0.00 | 0.02 0.11 99.86
HOMO-3 -8.69 0.00 | 0.02 0.11 99.85
[Zn(tpy-pvp-Me)]”" (2)

Trans- Zn Tpy | Styryl- | Me-

trans benz Benz
LUMO+3 -1.35 0.00 | 99.46 | 0.53 0.00
LUMO+2 -1.40 0.06 | 9941 | 051 0.00
LUMO+1 -1.77 0.69 | 81.13 | 15.97 2.18
LUMO -1.77 0.63 | 81.31 | 15.88 2.10
HOMO -7.18 0.00 | 3.79 | 56.13 | 40.06
HOMO-1 -7.18 0.01 | 3.77 | 56.12 | 40.09
HOMO-2 -8.65 0.00 | 0.00 0.06 99.93
HOMO-3 -8.65 0.00 | 0.00 0.06 99.93

[Zn(tpy-pvp-NO,). " (3)

Trans- Zn Tpy | Styryl- | Nitro-

trans benz Benz
LUMO+3 -1.74 062 | 7849 | 9.64 | 11.24
LUMO+2 -1.74 0.67 | 78.31 | 9.60 11.31
LUMO+1 -2.35 0.03 | 5.80 | 14.10 | 80.05
LUMO -2.35 0.04 | 582 | 14.12 | 80.00
HOMO -7.65 0.00 | 5.84 | 69.35 | 24.78
HOMO-1 -7.65 0.02 | 580 | 69.36 | 24.81
HOMO-2 -8.73 0.01 | 99.61 | 0.37 0.00
HOMO-3 -8.73 0.00 | 99.59 | 0.40 0.00
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Fig. 5.4. Schematic drawings of selective frontier molecular orbitals in the ground state
of the trans-trans form of [Zn(tpy-pvp-H)2]** (a), [Zn(tpy-pvp-CHs)2]** (b) and [Zn(tpy-
pvp-NO,)2]% (c) in acetonitrile by CAM-B3LYP level calculation.
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Fig. 5.5. The left panel shows the overlay of the calculated (pink lines) and experimental
(blue lines) UV-vis absorption spectra of 1 (a), 2 (b) and 3 (c) in acetonitrile. Calculated
results are also presented in the sticks form by CAM-B3LYP level of calculation. The
right panel shows the frontier molecular orbitals that are involved in the lowest energy

absorption band.
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5.3.5 Absorption and emission spectra

Absorption and emission spectra of the complexes are recorded in three different
solvents. The overlay of the experimental and the calculated absorption spectra of the
complexes in MeCN are displayed in Fig. 5.5, while the relevant spectral data are
presented in Table 5.9. A broad band within the spectral domain of 341-390 nm is
observed in all complexes which can be assigned with the aid of TD-DFT calculations as
ligand-to-ligand charge transfer (LLCT) from phenyl-vinyl to the coordinated terpyridine
moiety. Several bands originate within 291-236 nm region because of n-n* transitions.
The position of LLCT band maximum varies to a small extent, depending on the nature
of X in the complexes. The outcomes of the TD-DFT calculations obtained by using
B3LYP level of theory show a large disparity between experimental and calculated

spectra (Table 5.4). Particularly, the huge band within the spectral region of 400-500 nm

Table 5.4 Selected UV-vis energy transitions at the TD-DFT/B3LYP level for trans-
trans [Zn(tpy-pvp-H)2** (1), [Zn(tpy-pvp-CHs)ol" (2) and [Zn(tpy-pvp-NO,):J*" (3) in
acetonitrile.

Excited | Acg/nm | Oscillator A exp/NM Key transitions Character
state strength(f)

[Zn(tpy-pvp-H)]™*
S 451 1.69 362 H-1—L (50%), H—L+1(49%) LLCT
Sg 337 2.13 344 H-1—L+4 (49%), H—L+5(48%) LLCT, n-m*
Sus 278 0.31 288 H-5—L+2 (23%), H-4—L+3(11%) -

[Zn(tpy-pvp-CHa) 1™

) 469 1.68 363 H-1—L (50%), H—L+1(49%) LLCT

S 345 2.23 342 H-1—L+4 (49%), H—L+5(48%) LLCT, n-n*

Sw 278 0.26 285 H-4—L+3 (37%), H-5—L+2(15%) P
[Zn(tpy-pvp-NO,),]*"

S, 481 2.78 341 H-1>L+1 (49%), H—L(50%) ILCT

Sm 316 0.23 284 H-3L +2(43%), H-2—L+3 (42%) ILCT, n-n*

Ses 280 0.12 236 H-5—L+4 (23%), H-2—L+5(34%), H- | nn*

4145 (15%), H-3—L+4(15%)

172




Chapter 5

Table 5.5 Selected UV-vis energy transitions at the TD-DFT/CAM-B3LYP level for
trans-trans [Zn(tpy-pvp-H)2]1** (1), [Zn(tpy-pvp-CHs)2]** (2) and [Zn(tpy-pvp-NO,),]**

(3) in acetonitrile.

Excited Aca/NM Oscillator A expt/NM Key transitions Character
state strength(f)
[Zn(tpy-pvp-H),]**

S1 340 3.53 362 H-1-LUMO (35%), H-1->L+4 (11%), LLCT
HOMO—L+1 (35%), HOMO—L+5 (11%)

Ss 291 0.21 288 H-5—L+1 (27%), H-4—LUMO (27%), H- LLCT, n-n*
1—-L+3 (11%), HOMO—L+2 (12%)

Si6 251 0.58 233 H-5—-L+2 (39%), H-4—L+3 (30%), n-m*
H-11-LUMO (6%), H-10—L+1 (6%)

[Zn(tpy-pvp-CHa),]**

S: 345 3.60 363 H-1-LUMO (34%), H-1->L+4 (11%), LLCT
HOMO—L+1 (35%), HOMO—L+5 (11%)

Se 276 0.25 285 H-5—L+1 (17%), H-4—LUMO (17%), H- LLCT, n-n*
1—-L+3 (20%), HOMO—L+2 (23%)

Sy 236 0.22 236 H-7—LUMO (31%), H-6—L+1 (31%) n-m*
H-15—L+1 3%)

[Zn(tpy-pvp-NO,),]**

S 375 3.55 370 H-1-L+1 (44%), HOMO—LUMO (44%) ILCT

S; 297 0.58 285 H-1—-L+3 (37%), HOMO—L+2 (37%)H- ILCT, n-m*
T—L+1 (4%)

Sy 253 0.31 240 H-13—L+3 (17%), H-12—L+2 (15%), H- T-m*

3—L+4 (16%), H-2—L+5 (13%)

Fig. 5.6. Schematic drawings of the molecular orbitals involved in the dominant
configuration of the lowest lying triplet excited states of trans-trans form of 1, 2 and 3 in

MeCN.
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Table 5.6 Singlet-triplet excitation energies at the lowest triplet state (T,) along with key
transitions of the complexes in their trans-trans forms of 1, 2 and 3 in MeCN.

Compounds Key transition E/cm™
1 Ton(22 1) %0y (222) (98%) | 18281
2 T(229)— T¥,(230) (97%) | 21692
3 Ty (243)— *(244) (98%) | 20790

Table 5.7 Emission maxima of trans-trans [Zn(tpy-pvp-H)2]** (1), [Zn(tpy-pvp-CHs)2]**
(2) and [Zn(tpy-pvp-NO),]** (3) in MeCN according to UKS calculations at the TD-
DFT/B3LYP level and associated experimental values.

Compounds Aca/NM Aexp/NM
1 494 522
2 500 518
3 551 499

Table 5.8 Emission maxima of trans-trans [Zn(tpy-pvp-H)2]** (1), [Zn(tpy-pvp-CHs)2]**
(2) and [Zn(tpy-pvp-NO,),]** (3) in MeCN according to UKS calculations at the TD-
DFT/CAM-B3LYP level and associated experimental values.

Compounds Aca/nNM Aexp/NM
1 599 522
2 604 518
3 654 499
(@ (b)

:
& 4y 5 30
St~
<

[Zn(tpy-pvp-H),]**

[Zn(tpy-pvp-CH3), 1"

(©) ”
2T TSR

[Zn(tpy-pvp-NOy),1*

Fig. 5.7. Spin density plots for the T1 state of the trans-trans form of 1(a), 2(b), and 3(c)
in MeCN.
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Table 5.9 Absorption and emission spectral data of 1-3.

Compds Absorption Luminescence
Amax/nM Amax /nM
(e/Mtem™)
MeCN DCM DMSO MeCN | DCM | DMSO
1 362(28900), | 381(25400), 347(22700), | 522 510 421,518
344(31300), | 344(sh)(20800), | 291(19400)
288(27600) | 322(25600)
2 363(26400), | 390(32300), 347(33900), | 518 524 435, 535
342(28200), | 322(35400), 288(28900)
285(24900) | 287(34400)
3 341(44900), | 372(39500), 375(28000), | 499 503 515
284(34880), | 343(42400), 351(27100),
236(41680) | 285(32200) 287(26100)

in the calculated spectra is not show off in the experimental spectra. To this end, we again

carried out calculations by using CAM-B3LYP level of theory, keeping the basis sets

unchanged (Table 5.5). The overlay of the experimental and calculated absorption spectra

obtained by the later method is displayed in Fig. 5.5 which shows a good agreement

between the calculated and experimental results.

Upon excitation at the LLCT or n-n* band, all the Zn(II) complexes exhibit strong

emission band within 420-535 nm, dependent on the electronic nature of the substituent

(X) and the solvent used (Fig. 5.8). Good correlation between the experimental

observations and theoretical results performed on the triplet state of the complexes also

leads us to conclude that the emission arises from radiative deactivation of 3LLCT state.

Time/ns
[Zn(tpy-pvp-H),| i 2.8
[Zn(tpy-pvp-CH,) | 3.0
[Zn(tpy-pvp-NO,),|* ‘w2 4

1000 4
1(a —— [Zn(tpy-pvp-H),I"*
= 101® A
5 [Zn(tpy-pvp-NO,) I
<
= 08 5. |1
= © 100 &
| | — 8
~ 0.6 I :
S i
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Fig. 5.8. Normalized emission (Aex = 330 nm) spectra (a) and excited state decay profiles
along with the lifetime values of the complexes in MeCN (b).
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Fig. 5.9. UV-vis absorption and emission (Aex = 330 nm) spectral change of tpy-pvp-CHjs
upon incremental addition of Zn** in DCM (a and d, respectively), MeCN (b and e,
respectively) and DMSO (c and f, respectively). The inset to fig. (a) shows the change of
absorbance at 390 nm, while the inset to fig. (d) shows the quenching of emission at 410
nm as a function of the equivalent of Zn".

It is to be noted from Table 5.6-5.8 that as compared with the UKS approach, the
calculated values of emission maxima of the complexes obtained by TDDFT method are

closer to those of the experimentally observed values.

176



Chapter 5

Lifetime of the complexes was measured through time-correlated single photon
counting and the decay profiles together with their lifetime values are presented in Fig.
5.8(b). The complexes display mono-exponential decay profiles and the emission lifetime
of the complexes in MeCN increases in the order 3 (2.4 ns) < 1 (2.8 ns) < 2 (3.0 ns).

In-situ generation of Zn(ll) complexes are also observed in all the three studied
solvents via absorption and emission spectroscopy (Fig. 5.9-5.13). Upon incremental
addition of Zn(ClO,)2, a new band evolves in the longer wavelength region (341-390
nm), gradually intensifies and finally saturates upon addition of 0.5 equiv of zZn*
indicating the formation of [Zn(tpy-pvp-X)2]** (Inset of Fig. 5.9a-5.11a). In the
absorption spectral profiles, several clean isosbestic points (at 361, 307 and 272 nm for
tpy-pvp-CHs in DCM) clearly suggest the transformation of the free tpy-pvp-CHs; to
[Zn(tpy-pvp-CHs])-]** (Fig. 5.9a). In the emission side, gradual quenching of emission at
~410 nm is also accompanied by a distinct emission enhancement at ~524 nm upon
incremental addition of Zn®* (Inset of Fig. 5.9d and Fig. 5.10b-5.13b).

04l @ (b)
2x10°- ‘35
- E T
oo M 3_ ;..
\ 0.0 02 04 6 cU - —
8 O 2 | \ )/}\ Equiv. of Zn : L
< - ‘ }\ £ 1x10°
N =
i\ *
0.0 . : \. =\ : 0- . . =
300 400 500 400 500 600
Anm A/nm

Fig. 5.10. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral change of tpy-
pvp-H upon incremental addition of Zn** in dichloromethane. Inset to fig. a shows the
change of absorbance at 382 nm, while the inset to fig. b shows the emission quenching
at 398 nm vs. equivalent of Zn**,
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Fig. 5.11. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral change of tpy-
pvp-NO, upon incremental addition of Zn** in dichloromethane. The inset to fig. a shows
the change of absorbance at 363 nm, while the inset to fig. b shows the emission
quenching at 420 nm vs. equivalent of Zn?".

@ (b)
0.6-
ﬂ 2x10°
0.4 =
w 8B 1x10°%
< =
0.2 1 — 5 |
o 5x10 .
0.0 . . — 0 7 . .
300 400 500 400 500 600
A/nm A/nm

Fig. 5.12. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral change of tpy-
pvp-NO, upon incremental addition of Zn* in acetonitrile.

5.3.6 Photo-isomerization studies of the complexes
As the complexes possess two stilbene motifs, we are interested to undertake their

light-induced isomerization behaviors. We performed isomerization studies in three
different solvents (DCM, MeCN and DMSQO) upon the action of UV (334 nm) as well as
visible (405 nm) light sources. The isomerization event was monitored through
absorption, emission and time correlated single photon counting measurements. Firstly,

the isomerization studies are carried out in  acetonitrile and absorption and emission
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Fig. 5.13. UV-vis absorption (a) and emission (Aex = 330 nm) (b) spectral change of tpy-
pvp-NO; upon incremental addition of Zn®* in dimethylsulfoxide.

spectral changes upon irradiation of UV light are presented in Fig. 5.14. Only one-step
change is observed in their absorption and emission spectral profiles. The intensity of
LLCT band (at ~345 nm) decreased gradually with simultaneous increase of the -
band intensity (~285 nm). The extent of decrease varies in the range of 40-65% for the
LLCT, while increases between 15% and 35% for the n-n band (~285 nm), depending
upon the nature of X. During the process, successive absorption lines pass through
several well defined isosbestic points (307 nm and 248 nm for 3). Small blue-shift of the
LLCT bands is observed during the isomerization process (Fig. 5.14). Almost complete
guenching of emission intensity (~95%) at ~510 nm was noticed for 1-2, whereas
substantial enhancement (~56%) was observed for 3 during photo-irradiation (Fig. 5.14f).
In spite of emission quenching, small increase in lifetime is observed during the
isomerization processes (inset of Fig. 5.14f). The isomerization studies performed in two
other solvents (DCM and DMSO) in presence of UV light also induce one-step change in
all the three complexes. The absorption spectral profiles of the complexes in DMSO
(Fig. 5.15) are similar to that of MeCN but differ considerably in DCM  (Fig. 5.16). In
DCM, the intensity of broad LLCT absorption band decreased gradually through several
isosbestic points (358, 285 and 237 nm for 1) with concomitant increase of the -7 band

intensity at ~325 nm. In contrast to the observed behaviorin MeCN and DMSO, the
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Fig. 5.14. Absorption and emission (Aex = 330 nm) spectral change of [Zn(tpy-pvp-H).]*
(a and d, respectively), [Zn(tpy-pvp-Me),]** (b and e, respectively) and [Zn(tpy-pvp-
NO2)2]** (c and f, respectively) in acetonitrile upon irradiation with UV light. Insets to
the figs. a-f indicate the irradiation time. Inset of fig. f shows the excited state decay
traces and values of the lifetimes.

emission intensity gradually increases in DCM together with significant blue shift of the
emission maximum (510—460 nm for 1) upon isomerization (Fig. 5.16). In addition, a
clean isoemissive point (~499 nm) is observed in all cases except nitro derivative. By
contrast, red-shift of the emission maximum is observed (500—510 nm) in the case of
nitro-derivative (3) (Fig. 5.16f). In order to check the effect of irradiation wavelength on
the thermodynamic and kinetic aspects of the isomerization process, we also monitor the

spectral change in the complexes in presence of visible light (Amax=405 nm). One-step
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change is also observed with visible light having almost similar spectral profile as noticed

with UV irradiation, although the time of irradiation and extent of spectral change differ

(Figs. 5.17-5.19). Taking into consideration the one-step change in both absorption and

emission spectral profiles, irrespective of solvents and irradiating wavelengths, we

surmise a possible mode of conversion could be due to trans-trans to the corresponding

trans-cis form.
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Fig. 5.15. Absorption and emission (rex = 330 nm) spectral changes of [Zn(tpy-pvp-H).]**
(a and d, respectively), [Zn(tpy-pvp-Me),]** (b and e, respectively) and [Zn(tpy-pvp-
NO,),]** (c and f, respectively) in dimethylsulfoxide upon irradiation with UV light.
Insets to the figs. a-f indicate the irradiation time.
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Fig. 5.16. The absorption and emission (Aex = 330 nm) spectral change of 1 (a and d,
respectively), 2 (b and e, respectively) and 3 (c and f, respectively) in DCM upon
irradiation with UV light. Insets to the figs. a-c indicate the irradiation time.

We also monitored the isomerization behavior through *H NMR spectroscopy in
order to ascertain the probable mode of isomerization of the complexes. A representative
complex (2) is chosen for this purpose as the signals for the isomerizable protons
associated with the stilbene bond are clearly observed for this complex. 'H NMR
spectrum of 2 as a function of irradiation time with 405 nm light is shown in Fig. 5.20.
Upon photolysis, we noticed a gradual decrease in intensity of the proton signals
associated with stilbene unit (Hg and Hjp) as well as the adjacent protons (H7, Hg,H11 and
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Hi,). Concomitant growth along with systematic intensification of the said proton signals

are observed in the up-field region with time {(H»=8.25 ppm, J = 7.2 Hz);
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Fig. 5.17. Absorption and emission (Aex = 330 nm) spectral change of [Zn(tpy-pvp-H),]**
(a and d, respectively), [Zn(tpy-pvp-Me),]** (b and e, respectively) and [Zn(tpy-pvp-
NO,),]** (c and f, respectively) in acetonitrile upon irradiation with visible light. Insets to
the figs. a-f indicate the irradiation time.
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Fig. 5.18. Absorption and emission (Aex = 330 nm) spectral change of [Zn(tpy-pvp-H).]**
(a and d, respectively), [Zn(tpy-pvp-Me),]** (b and e, respectively) and [Zn(tpy-pvp-
NO,),]** (c and f, respectively) in dichloromethane upon irradiation with visible light.

Insets to the figs. a-f indicate the irradiation time.

(Hg'=8.01 ppm, J = 7.4 Hz); (Hy =6.76 ppm, J = 12.0 Hz); (H10 =6.69 ppm, J = 12 Hz),
(Hir =7.77 ppm, J = 7.9 Hz); Hip = 7.47 ppm, J = 8.2 Hz)}. It is observed that Hy and

Hio protons experienced an up-field shift {Ad(Hg)=0.57 ppm and Ad(Hip)= 0.56 ppm}

along with remarkable decrease of J values (from ~16 Hz to ~12 Hz). The adjoining
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protons (H7, Hs, Hi1 and Hj,) also experienced an up-field shift {A8(H7)=0.07 ppm,
Ad(Hg, H11)=0.06 ppm and AS(H11, H12)=0.04 ppm} upon photolysis for 8h. The observed
spectral change suggests the isomerization is taking place from trans-trans to the
corresponding trans-cis form [43,52].
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Fig. 5.19. Absorption and emission (Aex = 330 nm) spectral change of [Zn(tpy-pvp-H).]**
(a and d, respectively), [Zn(tpy-pvp-Me),]** (b and e, respectively) and [Zn(tpy-pvp-
NO,),]** (c and f, respectively) in dimethylsulfoxide upon irradiation with visible light.
Insets to the figs. a-f indicate the irradiation time.
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Fig. 5.20. '"H NMR spectrum of 2 and upon 8h of photo-irradiation with visible light of
405 nm in CD3CN.

We also carried out TD-DFT calculations on the trans-cis forms of the complexes
in their singlet and triplet excited states in order to compare the experimental spectra with
the calculated results. The calculated results are summarized in Table 5.10-5.15 and Fig.
5.21-5.23. The overlay of the calculated and experimental absorption spectra of the trans-
trans and trans-cis forms of the complexes is displayed in Fig. 5.24-5.25. The agreement
between the experimental and calculated results is remarkably good and the trend of the
experimentally observed blue-shift in the lowest energy absorption and emission maxima
on going from trans-trans to trans-cis isomer is reproduced in our calculation. The lowest
triplet states of the trans-cis forms are also optimized through UKS calculations by using
both B3LYP and CAM- B3LYP methods and the results are summarized in Table 5.16-
5.17. The experimentally observed emission maxima matches better with the results
obtained from TD-DFT calculation than that of the UKS calculation.
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Table 5.10 Selected calculated bond distances (A) of trans-cis form of [Zn(tpy-pvp-
X),]** where X=H, Me, NO, at TD-DFT/B3LYP level.

trans-cis
[Zn(tpy-pvp-H),J*
Zn1-N1 2.234
Zn1-N2 2127
Zn1-N3 2.238
Znl-N4 2.237
Zn1-N5 2.128
Zn1-N6 2.234
[Zn(tpy-pvp-Me),]*
Zn1-N1 2.113
Zn1-N2 2.018
Zn1-N3 2.112
Znl1-N4 2.112
Zn1-N5 2.018
Zn1-N6 2.113
[Zn(tpy-pvp-NO,),]*"
Znl1-N1 2.253
Zn1-N2 2.152
Zn1-N3 2.258
Znl1-N4 2.257
Zn1-N5 2.152
Zn1-N6 2.255

Table 5.11 Selected calculated bond angles (deg) of trans-cis form of [Zn(tpy-pvp-
H).]* [Zn(tpy-pvp-CHa)2]** and [Zn(tpy-pvp-NO,),]** at TD-DFT/B3LYP level.

[Zn(tpy-pvp-H)2]** [Zn(tpy-pvp-CHa).]* [Zn(tpy-pvp-NO,),]*
N6Zn1N2 105.90 N6Zn1N2 106.01 N6Zn1N2 105.89
N6Zn1N3 93.92 N6Zn1N3 93.91 N6Zn1N3 93.54
N6Zn1N4 149.82 N6Zn1N4 149.82 N6Zn1N4 149.86
N6Zn1N5 74.96 N6Zn1N5 74.95 N6Zn1N5 74.95
N6Zn1N1 93.70 N6Zn1N1 93.86 N6Zn1N1 93.90
N2Zn1N3 74.89 N2Zn1N3 74.89 N2Zn1N3 74.91
N2Zn1N4 105.92 N2Zn1N4 104.16 N2Zn1N4 104.23
N2Zn1N1 74.95 N2Zn1N1 74.96 N2Zn1N1 74.93
N4Zn1N5 74.86 N4Zn1N5 74.87 N4Zn1N5 74.92
N4Zn1N1 93.59 N4Zn1N1 93.56 N4Zn1N1 94.21
N4Zn1N3 94.29 N4Zn1N3 94.17 N4Zn1N3 93.84
N5Zn1N1 105.66 N5Zn1N1 105.51 N5Zn1N1 103.87
N5Zn1N3 104.47 N5Zn1N3 104.62 N5Zn1N3 106.27
N1Zn1N3 149.85 N1Zn1N3 149.85 N1Zn1N3 149.84
N2Zn1N5 178.90 N2Zn1N5 178.91 N2Zn1N5 178.54
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The backward trans-cis to trans-trans conversion proceeds very slowly at ambient
condition. We tried to revert back by heating the isomerized solution at ~40°C and
observed slow conversion towards their initial form in all the studied solvents. But we are
unable to revert back to the exact initial position. The absorption and emission spectral
changes of the complexes upon heating at 40 °C are presented in Fig. 5.26-5.31. Emission

quenching and red-shifting of the respective band is observed in the reverse process and

Table 5.12 Selected MOs along with their energies and compositions in the ground state
of the trans-cis form of [Zn(tpy-pvp-H)2]** (1), [Zn(tpy-pvp-CHa)2]** (2) and [Zn(tpy-
pvp-NO,)2]** (3) in acetonitrile at the TD-DFT/CAM-B3LYP level.

MO [Zn(tpy-pvp-H)2I** (1)
Energy/ev % Compositions
Trans-cis Trans-cis
Zn Tpy Styryl- Benzal
benz
LUMO+3 -1.35 0.00 99.48 0.51 0.00
LUMO+2 -1.40 0.07 99.43 0.49 0.00
LUMO+1 -1.75 0.66 84.49 13.80 1.03
LUMO -1.75 0.73 84.37 13.80 1.04
HOMO -7.52 0.00 4.43 61.84 33.72
HOMO-1 -7.52 0.02 4.39 61.83 33.76
HOMO-2 -8.63 0.00 0.56 9.37 90.10
HOMO-3 -8.63 0.00 0.54 9.31 90.14
[Zn(tpy-pvp-Me),]" (2)
Trans-cis Zn Tpy Styryl- Me-
benz Benz
LUMO+3 -1.35 0.00 99.50 0.49 0.00
LUMO+2 -1.40 0.06 99.45 0.47 0.00
LUMO+1 -1.75 0.66 85.07 13.29 0.95
LUMO -1.75 0.73 84.93 13.36 0.96
HOMO -7.38 0.00 341 53.92 42.65
HOMO-1 -7.38 0.01 3.38 53.90 42.69
HOMO-2 -8.56 0.00 2.49 15.09 82.40
HOMO-3 -8.56 0.00 2.40 14.88 82.70
[Zn(tpy-pvp-NO,),]* (3)
Trans-cis Zn Tpy Styryl- Nitro-
benz Benz
LUMO+3 -1.74 0.66 82.95 10.75 5.60
LUMO+2 -1.74 0.71 82.84 10.75 5.67
LUMO+1 -2.29 0.01 291 8.34 88.71
LUMO -2.29 0.02 2.95 8.35 88.66
HOMO -7.85 0.00 6.50 71.91 21.57
HOMO-1 -7.85 0.02 6.44 71.92 21.61
HOMO-2 -8.72 0.01 99.51 0.45 0.01
HOMO-3 -8.72 0.00 99.48 0.49 0.01
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Table 5.13 Selected UV-vis energy transitions at the TD-DFT/B3LYP level of trans-cis
forms of [Zn(tpy-pvp-H)2]*" (1), [Zn(tpy-pvp-CHa):]** (2) and [Zn(tpy-pvp-NO2)o]*" (3)

in acetonitrile.

Excited | Aca/n Oscillator | Aeg/nm | Key transitions Character
state m strength(f)
Trans-cis[Zn(tpy-pvp-H),]*
S, 433 0.98 338 H-1-L+1 (49%), H—L (50%) LLCT
Sy 324 0.97 327 H-1-L+4 (47%), H—>L+5 (47%) LLCT, n-n*
So3 302 0.25 286 H-9—L (31%), H-8—L+1 (31%), LLCT ,n-nc*
H-7—L+1 (14%), H-6—L(16%)
Trans-cis [Zn(tpy-pvp-CHs),]*"
S, 451 0.93 336 H-1>L+1 (49%), H—L (50%) LLCT
So 323 1.07 326 H-1>L+4 (47%), HoL+5 (47%) LLCT,n-n*
Ss, 278 0.47 285 H-9—>L+2 (13%), H-8—>L+3 (10%), | n-n*
H-7—L42 (19%), H-6—L+3(45%)
Trans-cis [Zn(tpy-pvp-NO,),]**
S; 468 1.76 338 H—L(96%) LLCT
S 457 0.38 326 H-1-L+1 (96%) LLCT
S, 395 0.22 285 H-1—L+2 (95%) LLCT ,n-n*
Sy7 312 0.54 235 H-9—L (19%), H—L+6 (76%) LLCT,n-n*

Fig. 5.21. Ground state optimized geometries of the trans-cis forms of the Zn(ll)

trans-cis [Zn(tpy-pvp-Me),]**

®c

oo N
X oN
LL @O0

/E ®2n

trans-cis [Zn(tpy-pvp-NO,),J?*

complexes of composition [Zn(tpy-pvp-X).]** (X= H, Me, and NO,) in acetonitrile.
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Table 5.14 Selected UV-vis energy transitions at the TD-DFT/CAM-B3LYP level of
trans-cis forms of [Zn(tpy-pvp-H).]** (1), [Zn(tpy-pvp-CHs).]** (2) and [Zn(tpy-pvp-
NO,),]** (3) in acetonitrile.

Excited | A.u/nm | Oscillator X exp/IM Key transitions Character
state strength(f)
Trans-cis[Zn(tpy-pvp-H),]*
S; 321 2.07 338 H-1-L+1 (34%), H-1-1L+4 (11%), LLCT
HOMO—LUMO (34%), HOMO—L+5
(11%)
S, 289 0.28 327 H-5—L+1 (36%), H-4—-LUMO (35%), | LLCT, n-n*
H-1-1L+2 (7%), HOMO—L+3 (6%)
S 251 0.88 286 H-5—L+2 (40%), H-4—L+3 (31%)H- LLCT ,a-n*
11-L+1 (7%), H-10—-LUMO (6%)
Trans-cis [Zn(tpy-pvp-CH3),]*"
S, 326 1.98 336 H-1—L+1 (33%), H-1—L+4 (12%), LLCT
HOMO—LUMO (33%),
HOMO—L+5 (12%)
S, 290 | 0.25 326 H-7—L+1 (34%), LLCT,xn*
H-6—LUMO (33%),
H-1—L1+2 (8%), HOMO—L+3 (7%)
St 252 0.99 285 H-7—L+2 (40%), H-6—L+3 (31%), p—
H-11—L+1 (6%), H-10>LUMO (6%)
Trans-cis [Zn(tpy-pvp-NO,),]*
S; 353 1.28 338 H-18—L+1 (35%), H-17-LUMO LLCT
(35%) H-20—L+1 (7%),
H-19-LUMO (7%)
S, 292 0.45 326 H-9—L+1 (29%), H-8—LUMO (29%) | LLCT
S 290 1.09 285 H-1—L+3 (30%), HOMO—L+2 (31%) | LLCT sn*
Sn 252 0.65 235 H-3—L+4 (38%), H-2—L+5 (30%), LLCT n-n*

H-11—L+2 (6%), H-10—L+3 (6%)

Table 5.15 Singlet-triplet excitation energies at the lowest triplet state (T;) along with

key transition of complexes in their trans-cis forms of 1, 2 and 3 in MeCN.

Compounds Key transitions E (cm™)
1 T (221)—1*,(222) (97%) 21097
2 Tia(229)— m¥1,,(230) (96%) 19685
3 T14,(243)— % (244) (97%) 18281
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Fig. 5.22. Schematic drawings of selective frontier molecular orbitals in the ground state
of trans-cis form of [Zn(tpy-pvp-H)-]** (a), [Zn(tpy-pvp-CHs).]** (b) and [Zn(tpy-pvp-
NO,),]** (c) in acetonitrile by CAM-B3LYP level calculation.

restoration of the original spectra occurs to the extent of ~90% in DCM. In MeCN and
DMSO, the original emission was also restored up to the extent of 80% by heating at 40
°C. Thus, successive "on-off" and "off-on" emission switching processes can be

achievable by alternative treatment with light and heat.
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Fig. 5.23. Schematic drawings of the molecular orbitals that are involved in the dominant

configurations of the lowest lying triplet excited states of trans-cis form of 1 (left panel),
2 (middle panel) and 3 (right panel) in MeCN.
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Fig. 5.24. The overlay of the calculated (dotted lines) and experimental (solid lines)

absorption spectra of trans-trans (blue) and trans-cis (red) form of 1 (left) and 3 (right) in
acetonitrile.
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Fig. 5.25. Overlay of the calculated (dotted lines) and experimental (solid lines)

absorption spectra of trans-trans (blue), and trans-cis (red) form of [Zn(tpy-pvp-CHs)-]**
(2) in acetonitrile.
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Table 5.16 Emission maxima of trans-cis forms of [Zn(tpy-pvp-H)2]** (1), [Zn(tpy-pvp-
CH3)-]** (2) and [Zn(tpy-pvp-NO,),]* (3) in MeCN according to UKS calculations at the
TD-DFT/B3LYP level and associated experimental values.

Compounds Aca/NM Aexp/NM
1 732 512
2 735 510
3 778 502

Table 5.17 Emission maxima of the trans-cis forms of [Zn(tpy-pvp-H)2]** (1), [Zn(tpy-
pvp-CHs)2]%* (2) and [Zn(tpy-pvp-NO,),]** (3) in MeCN according to UKS calculations
at the TD-DFT/CAM-B3LYP level and associated experimental values.

Compounds Aca/NM Aexp/NM
1 734 512
2 735 510
3 765 502

We calculated the "apparent™ rate constants (kis), quantum yield (®) and free
energy of activation (AG”) for both the forward and the reverse processes and the values
are provided in Table 5.18-5.20. We used the term "apparent rate constant” as it depends
on the intensity of light. The kis, for the forward process varies between 1.1x10™ s™* and
38.9x10™ s, dependent on the nature of substituent X, solvent and wavelength of light
used. The rate constants of the thermal backward process, on the other hand, vary
between 0.5x10° s™ and 9.2x10™ s™. absorption peak lying within the range of 330-361
nm, depending upon the nature of X, gradually diminished in intensity together with
simultaneous enhancement of peak in the spectral domain of 355-390 nm. The ligands
which display intense emission with the maximum lying in the range of 398-420 nm,
quenched remarkably upon photo-isomerization. The rate constant of trans—cis
isomerization varies in the range of and 11.7x10 s™. Thus, Zn®" affects the photophysics
and isomerization behaviors of tpy-pvp-X motif to a great extent in the present study.

Coordination of Zn?* induces evolution of an intense absorption band in the near-visible
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Fig. 5.26. The UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes
upon heating the photolyzed acetonitrile solution of 1 at 40°C. Insets show the heating
time.
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Fig. 5.27. The UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes
upon heating the photolyzed dichloromethane solution of 1 at 40 °C. Insets show the
heating time.
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Fig. 5.28. UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes upon
heating the photolyzed acetonitrile solution of 2 at 40°C. Insets show the heating time.
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Fig. 5.29. UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes upon
heating the photolyzed acetonitrile solution of 3 at 40°C. Insets show the heating time.
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Fig. 5.30. UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes upon
heating the photolyzed dichloromethane solution of 2 at 40°C. Insets show the heating

time.
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Fig. 5.31. UV-vis absorption (a) and emission (Aex=330 nm) (b) spectral changes upon
heating the photolyzed dimethylsulfoxide solution of 3 at 40°C. Insets show the heating

time.
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Table 5.18 Apparent rate constants (kis;) and quantum vyields (@) for the forward
photoisomerization processes of the complexes 1-3.

Comp- UV light (350 nm) Visible light (405 nm)
ound
MeCN DCM DMSO MeCN DCM DMSO
Kiso / st [} Kiso / st () Kiso /st D Kiso /st D Kiso / st (O] Kiso / st (O]
(x107) | (x107) | (x10%) | (x10?) | (x10™) |(x10%)| (x10%) | (x107%) | (x10™) | (x107%) | (x10%) | (x10%)
t-tot-c | t-totc | titC | t-totc tttc | ttotc | tttC | t-totc | tH1C | ttotc
1 76 |27 11.2 |45 1.7 74 19.7 6.9 334 |15.1 15 6.5
13.8 |51 152 |55 11 |45 26.3 9.8 389 (141 2.2 9.3
3 40 |20 9.2 44 11 |56 9.5 4.7 176 |5.6 2.2 111

Table 5.19 Free energies of activation (AG”) of the forward photoisomerization processes

for 1-3.
Compounds UV light (350 nm) Visible light (490 nm)
MeCN DCM DMSO MeCN DCM DMSO
AGH#/ AGH#/ AGH#/ AGH/ AGH#/ AGH/
kJmol™ kJmol™ kJmol™ kJmol™ kJmol™ kJmol™
t-t>t-c t-t>t-c t-t>t-c t-t>t-c t-t>t-c t-t>t-c
90.8 89.8 94.5 88.4 87.1 94.9
89.3 89.0 95.7 87.7 86.7 93.8
92.3 90.3 95.6 90.2 88.7 93.9

Table 5.20 Apparent rate constants (kiso), free energies of activation (AG”) and chemical
yield for the backward thermal isomerization processes for 1-3.

Compound Heat (40°C)
MeCN DCM DMSO
ki/ST | AG#/K) | Chemical | kio/s? | AG#KJ | Chemical | kig/s® AG* Chemical
(x10%) | mol-! Yield (x10®) | mol-! Yield (x10°) | /kImol- Yield
tcott | toott | (x10%) | tcott | teott | (x10%) | ccott | ccott | (x107)
t-c»t-t t-ct-t c-C—t-t
6.0 97.1 5.9 76 96.5 39 0.8 102.1 0.4
2 9.0 96.1 6.3 9.2 96.0 5.7 0.6 102.8 1.1
3 2.7 99.1 8.9 3.1 98.7 2.5 0.5 103.2 2.1
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(~380 nm) region and also causes substantial quenching of ligand-centered emission in
the range of 398-420 nm with simultaneous evolution of emission band in the visible

spectral domain (500-524 nm).

In chapter 2, we investigated the photoisomerization aspects of tpy-pvp-X ligands
upon irradiating with UV light [67]. We observed that the lowest energy LLCT 1.61x10°
The rate constant of photo-isomerization for Zn(Il) complexes decreases substantially
(between 1.1x10™ and 38.9x10™ s™). This is most probably due to the presence of a low
lying LLCT excited state that efficiently quenches the higher energy phantom p” state.

It would be good to provide some insight about the mechanism of the isomerization
process. In general, the pure triplet LL state located on the isomerizable ligand plays a
crucial role in the photoisomerization event. It should be accessible via *LLCT to *LLCT
ISC and/or *LLCT-’IL vibronic coupling and there will be a competition between
emission and isomerization processes. Although the present data are not at maturity for
pushing too far for mechanistic interpretation, we are providing a simplified and tentative

energy diagram for the isomerization process of the present Zn(I1) complexes (Fig. 5.32).

] H{=—— t-C E——

A

\
3

S
P %)
.9 -2
IS &
S )

SO_

trans-cis

SO_

trans-trans

Fig. 5.32. Simplified and tentative energy diagram displaying photoisomertization along
with competetive photophysical processes in the complexes.
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It would be of interest to compare the photoisomerization efficiencies of the
present complexes with previously reported polypyridine complexes of heavier transition
metals (such as Re, Ru, Rh, Ir, and Pt) appended with stilbene and azo groups. Table 5.21
shows representative examples of metal complexes exhibiting trans/cis isomerization at
different irradiating wavelengths as well as solvents. It is evident that quite a large
number of reports are available on stilbene-appended pyridine or bipyridine-type systems
of heavier transition metal complexes but no report is available on stilbene-appended
terpyridine systems. Nishihara’s group reported some terpyridine complexes of Ru(Il)
and Rh(I1l) coupled with photoactive azo unit [68]. Recently, our group initiated the
isomerization studies of stilbene-appended terpyridine complexes of Fe(ll), Ru(ll) and
Os(11) metals [30-31,59,33]. Photoisomerization behaviors of various heavier transition
metal complexes (Re, Co, Rh, Ir etc.) covalently coupled with stilbene-appended
polypyridine complexes are reported by different research groups (Gray, Wrighton, Yam,
Lees, Iha and Patricinio, to name a few) and the quantum efficiency of the isomerization
process of those systems are summarized in Table 5.21 [22,47,49-51,56,69-70]. It is
observed that when the stilbene-appended pyridine unit is coordinated in a monodentate
fashion together other co-ligand (CO and/or halide) with the heavier metals such as Re(l),
the quantum efficiency of the photoisomerization process is usually high as compared
with related systems having bipyridine or phenanthroline type coordination motifs. As
compared with Re(l)-carbonyl-stiloene systems, the quantum efficiency of azo-
terpyridine conjugate of Ru(ll) and Rh(Ill) is usually small, although exception is there,
depending upon specific system and condition used for isomerization. They estimated
higher @ values for the Rh(IIl) azo-terpyridine systems compared with their Ru(ll)
systems probably because of the increased charge of the metal. The quantum efficiency
of our stilbene-appended Ru(ll)- terpyridine complexes was found to higher relative to
the azo-terpyridine Ru(Il) systems. In addition to other factors, the @ value of our
stilbene-appended terpyridine systems depends mainly on the nature of metal ion and
follows the general trend, Ru(I)<Os(II)<Fe(1I)<Zn(Il). Among the four types, the Ru(IIl)
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Table 5.21 Representative metal complexes exhibiting photo-induced trans/cis
isomerization.

Irradiating
Compounds Solvent [0 ref
wavelength
MeCN 366 nm (trans—cis) (di-Rhtpy.nA’) 68
0.000016(A = BF,), 0.000011(A =
PFe)
0.00058(A = BF;), 0.0016(A =
DMSO PFe), 0.0033(A = BPhy).
M = Rh3* » Ru2* (di-Rhtpy.nA’)
A =BF, PFg, BPh,
MeCN 0.0057(A = BPh,).
DMSO 0.0019(A = BFy), 0.0016( A =
PFg), 0.0021(A = BPhy).
DCM 436nm ((trans—cis) 0.0032(1) 59
MeCN 0.0009(1)
DMSO 0.0005(1)
MeOH 0.0004(1)
[Fe(tpy-pvp-X)2]2+ X = H (1); X = Me (2), and X = NO2 (3)
DCM 336((trans—cis) 0.0014(1)
MeCN 0.0002(1)
DMSO 0.0003(1)
MeOH 0.00008(1)
MeCN- 436nm(trans—cis) 0.000036 (1) 31
DCM
0.000046 (2)
0.000029(3)
0.00001 (4)
[Ru(tpy-pvp-X)2]2+
X =H (1), Me (2), Cl (3), NO2 (4), Ph (5) 0.000038 (5)
MeCN- 490nm (trans —cis) 0.00011-0.0012 33
DCM
0.00019-0.00062
MeCN
0.00013-0.0004
DMSO
[Os(tpy-pvp-X)o1**
X =H (1), Me (2), Cl (3), NO2 (4), Ph (5) MeCN-
DCM 350nm ( trans—cis) 0.00004-0.00010
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[(tpy-Ph-CHg)Ru(tpy-pvp-X)1**
X = H (1), Me (2), Cl (3), NO2 (4), Ph (5)

MeCN-
DCM

UV light

0.00013(1) 30
0.00012(2)
0.00016( 3)
0.0001( 4)

0.00012( 5)

X X =Cl, Br

‘Re t-3-stpy \ N/
oc/ ‘\,_

co \ A

CH.Cl,

313 nm (trans—xcis)

366 nm (trans—cis)

0.49 (X = Cl, L= t-4-stpy) 50
0.64(X = Br, L= t-4-stpy)
0.60(X = Cl, L= t-3-stpy)
0.54 (X = Cl, L= t-4-stpy)
0.51(X = Br, L= t-4-stpy)

0.51(X = Cl, L=t-3-stpy)

350 nm (trans—cis)

250 nm (cis—trans)

0.21 (NN = bpy) 56
0.23 (NN = Me;bpy)
0.22 (NN = phen)
0.21 (NN = Megphen)
0.18 (NN = bpy)
0.18 (NN = Me;bpy)
0.18(NN = phen)

0.16 (NN = Megphen)

MeCN

365nm (trans —cis)

404nm (trans—cis)

365nm (trans —cis)

404nm (trans—cis)

0.33 (R=bpe) 47
0.29 (R=bpe)
0.57 (R=stpe)

0.35 (R=stpe)

DCM

366nm(trans—cis)

85
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22
CH.Cl, 365 nm (trans—cis) 0.49
0.43
0.42
4+ 0.65 (Re-1) 49
MeCN 405 nm (trans—cis) 0.45 (Re-1)
0.21 (Re-1)
0.19 (Re-1)
DCM 365nm (trans —cis) 0.003 86

and Os(I1) complexes exhibit emission predominantly from their *MLCT state, while the

Fe(11) complexes are non-luminescent because of presence of low-lying **MC state. In

case of Ru(ll) and Os(Il) systems, the isomerization is believed to take place through

combined *MLCT-LLCT excited states and also the emission is a competitive decay

pathway of isomerization. The enhanced quantum efficiency of present Zn(l1)-terpyridine

complexes is highest as isomerization is believed to take place through *LLCT excited

states and due to absence of low-lying metal centered excite state. Thus, the present low

cost Zn(I1)-terpyridine complexes could acts as potential photoswitches.
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In the previous section, we were successful in modulating the absorption and
emission spectral behaviors of the Zn(Il) complexes to a significant extent upon irradiating
with UV and visible light sources. In case of 1 and 2, the emission quenching upon
irradiation with 334 nm and 405 nm light sources and restoration of the original emission
upon heating at 40°C gives rise to “on-off” and “off-on” emission switching. By contrast,
for 3, emission enhancement upon exposing to the said light sources followed by
restoration of emission upon heating leads to “off on” and “on-off” emission switching.
We can utilize the emission responses of the complexes as function of photonic and

thermal inputs to mimic the function of two-input binary logic gates.
5.3.7 [IMPLICATION Gate

The IMPLICATION logic operation was initiated by Whitehead and Russell along
with three fundamental logic operations: AND, OR, and NOT. The function of
IMPLICATION ogate is very important as well as useful for the material implication.
Molecular systems exhibiting excellent implication activity (IMP) are relatively sparse in
literature. In order to mimic the function of an IMPLICATION gate, we have selected two
stimuli (heat as input 1 and photon as input 2) and the emission maximum at 522 nm was
used as the output signal (Fig. 5.33). The truth table in Fig. 5.33 shows that in absence of
either of the two inputs, 1 exhibits intense emission at 522 nm corresponding to the “ON”
state (1) of the system. By contrast, input 2 (photon) induces decrease in emission intensity
below the threshold corresponding to the “OFF” state (0) of the system. In addition, two
other possible input combinations as shown in the truth table exhibit the value of the output
signals above the threshold energy level and thus corresponds to the “ON” state (1) of the
system. Thus, by monitoring the emission maximum at 522 nm by the action of heat and
photon, the function of an IMPLICATION gate can be mimicked at the molecular level.
Fig. 5.33e shows the reversibility of the system upon alternative action of the two inputs
(heat and photon). In absence of two inputs, the emission maximum at 522 nm lies above
the threshold energy level indicating the “ON” state of the system. The stepwise interaction
of “heat-photon-heat” give rise to the “ON-OFF-ON” state of the system and indicates one
complete cycle of this reversible process. With increasing the number of cycles, the

emission intensities of the “ON” state decreases and “OFF” state increases as simultaneous
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interaction of heat (Input 1) or photon (Input 2) with the solution which was already treated

with both the inputs cannot fully restored the original emission in the complex.
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Fig. 5.33. (a) The emission (Ae=370 nm) spectral change of 1 upon the action of heat
(input 1) and photon (input 2). (b) Corresponding truth table. (c) 3D representation of the
changes in emission intensities upon the action of different combinations of stimuli. (d)
Schematic representation of an IMPLICATION gate based on the emission at 522 nm for

1 and (e) Diagram showing the reversibility of the system due to stepwise addition of
heat and photon.
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5.3.8 INHIBIT Gate

The term INHIBIT means the gate which produces a certain or fixed output
whatever be the inputs or even the inputs are changed. An INHIBIT gate is basically
an AND gate with an additional event. To construct an INHIBIT gate, we used the same
two inputs (heat as input 1 and photon as input 2) and also used the emission maximum at
500 nm for complex 3 as the output signals (Fig. 5.34). The truth table in Fig. 5.34

indicates that in absence of either of the two inputs, 3 exhibits emission at 500 nm

(b)
Inputl Input2 Output Emission
(Heat) (Photon) Emission at Intensity(%)
5001
100 Monitoring ! | | o |
— [Zn(tpy-pvp- 2 0 0 O(low 36
@ e —Ememey | ]
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80 - = [Zn(tpy-pvp-NO,) I _hv_a 1 0 O(IDW) a8
—~
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S 604
£
_1 40 100 _
D_- E =0 _
20 g
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h Q O
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Fig. 5.34. (3) The emission (Aex=370 nm) spectral changes of [Zn(tpy-pvp-NO-).]** (3)
upon the action of heat (input 1) and photon (input 2). (b) Corresponding truth table. (c)
3D representation of emission intensities which changes upon addition of different
combinations of stimuli. (d) Schematic representation of an INHIBIT gate based on the
emission at 500 nm for 3. (e) Diagram showing the reversibility of the system due to
stepwise addition of photon and heat.
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which lies below the threshold energy level and corresponds to the “OFF” state (0) of the
system. Input 2 (photon) induces substantial increase in emission intensity and corresponds
to the “ON” state (1) of the system. In addition, two other possible input combinations also
show the output signal below the threshold energy level indicating the “OFF” state (0) of
the system. Thus, by monitoring the emission maximum at 500 nm upon the action of heat
and photon inputs, an INHIBIT gate can be constructed. Fig. 5.34e shows the reversibility
of the system upon alternative addition of the two inputs (heat and photon) can be

repeated many times without appreciable loss of emission intensity.

5.4 Conclusions

With regard to our objective to design low-cost and easily synthesizable photo-
switches, we reported in this work the synthesis, characterization, photophysics, and
photo-isomerization behaviors of three Zn(ll)-terpyridine complexes covalently tethered
with stilbene moiety. The complexes exhibit absorption bands stretching up to the edge of
the visible domain due to ligand- ligand charge transfer (LLCT) transition and strong
emission at room temperature arising out from radiative deactivation of *LLCT state
having lifetime within 1.0-3.0 ns. The electron donating as well as electron withdrawing
group was introduced in the complex backbone to modulate their spectral behaviors as
well as the kinetic and thermodynamic aspects of the isomerization process. Taking
advantage of stilbene moieties, the photo-isomerization studies of the complexes were
carried out in three different solvents with both UV and visible light sources to tune the
thermodynamic and Kinetic aspects of the isomerization process. All the three complexes
underwent trans-trans to trans-cis isomerization with substantial change in their
absorption, emission and *H NMR spectral profiles. The reversal from trans-cis to trans-
trans isomerization also occurs, albeit very slowly, on keeping and can be accelerated
upon heating. The ks, as well as @ is found to be much higher in presence of visible light
source in all solvents than that of UV light. The electronic nature of X imparts a dramatic
influence on the emission characteristics of their Zn(1l) complexes during isomerization
process. In case of 1 and 2, the emission quenching upon irradiation with 336 nm and 405
nm light sources and restoration of original emission upon heating at 40°C gives rise to

“on-off” and “off-on” emission switching. By contrast, for 3, emission enhancement upon
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light irradiation followed by restoration of emission upon heating leads to “off-on” and

“on-off” emission switching. Another important aspect of the present work is that the

emission responses of the complexes as function of photonic and thermal inputs were

successfully utilized to construct two-input IMPLICATION and INHIBIT logic gates.

Thus, present Zn(I1)-terpyridine complexes are quite useful for the fabrication of low-cost

molecular photo-switches which in turn could be potential building blocks for

information processing at the molecular level.
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6.1 Introduction

Information processing and computation at the molecular level has been
developing rapidly since the first realization of the principles of storing logical states at
the molecular level by de Silva [1-6]. During last two decades, a wide range of molecular
and supramolecular systems have been fabricated to strengthen this relatively young field
of chemistry [7-18]. Information processing in computers is based on the principles of
Boolean algebra and logic gates implement binary arithmetic and logical functions [19-
21]. Molecular level computation is thus feasible only with systems which are efficient to
integrate simple logic gates into various connective circuits [9,22-25]. In addition,
molecular based logic could give rise to smaller and more faster and proficient devices
compared with conventional silicon-based circuitries.

Although significant efforts have been given to design molecular systems which
are effective of mimicking the actions of different fundamental logic gates together with
high order functions, but smart functional systems which have the potentiality to mimic
the complicated logic operations as necessitated in various circuits, molecular keypad
locks [26-33], half-adder/subtractor [34-36], multiplexer/demultiplexer/exciplex [37-39]
and memory devices [10,40-48] are relatively less in the literature. Thus, there remains
space to tailor design of smart molecules which on interaction with different external
stimuli can give rise to multiple optical channels which in turn can perform sequential as
well as complicated logic functions. During working last few years in this particular field,
we realized that receptors with distinct ion binding sites may be potential candidates for
designing complicated logic gates since the optical properties of these receptors can be
substantially altered by appropriate combination of different ionic inputs [49-55]. In this
work, we have utilized one of our recently reported terpyridine-based receptor, (2-(6-
(pyridin-2-y)-4-(4styrylphenyl)pyridin-2-yl)pyridine (tpy-pvp-H), wherein a terpyridine
coordinating motif is covalently coupled with a stilbene unit at its 4'-position for the
fabrication of multifunctional logic system (Chart 6.1) [56]. In the design strategy of the
ligand, apart from incorporating terpyridine site for binding with cations, an stilbene
moiety has also been incorporated which is prone to undergo trans-cis isomerization on
light irradiation. Although stilbene derivative constitute a very useful group of photo-

responsive compounds and one of the well-studied trans-cis isomerization systems [57-60],
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but the system incorporating ethylenic double bond into the well known and versatile
terpyridine coordinating units have never been used for mimicking complicated logic
function with regard to computation at the molecular level.

Incorporation of a stilbene unit into the terpyridyl chelating motif also leads to
generation of intra-ligand charge transfer (ICT)-sensitive photo-switchable chromophoric
and fluorophoric receptor. Thus, the present system can act as bifunctional receptor
whose optical properties such absorption, emission, and lifetime could be significantly
tuned by light of specified wavelength as well as selected cationic guests. In the present
study, based on response profiles of the receptor toward selected cations (such as Fe?*
and Zn?*) as well as light of specific wavelength, we are able to successfully demonstrate
multiple Boolean logic functions such as INHIBIT, IMPLICATION, OR, NOR and
NAND as well as various combinations of them. Moreover, we utilized the present
compound for the design of a molecular level keypad lock by maintaining proper
sequence of inputs (Zn** and light) and monitoring the emission output signal of the
receptor. A keypad lock is able to generate a secret password which provides a secure
way to protect information [26-33]. In addition, we are also able to construct a memory
device which can display Set-Reset (S-R logic) logic operation showing “write—read—
erase-read” like reversible and reconfigurable functions at molecular level [44-48].

The operation in Boolean logic systems is based on switching of the output response
among the two extreme domains, viz. "0" or "1". But in reality, the presence of some
intermediate states in between "0" and "1" are evident in majority of the systems. The fuzzy
logic system (FLS) is believed to become a probable substitute of the Boolean logic to
identify the in-between states [61-65]. The inspiration in implementing FLS is rest on the
perception that human thinking and decision taking mechanism is too complicated to be
accurately expressed and believed to operate as an automatic fine-controlling administer
which deals with several intermediate steps with varied order of truths. FLS is composed
of non-linear scaling of the input data vectors into the scalar outputs. Significant
emphasis is currently been given to prosper artificial intelligence with vague and imprecise
inputs. In reality, only a limited number of FLS have been reported to date [66-69]. In the

present paper, we also implemented fuzzy logic for generating an infinite-valued logic
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scheme based on the emission spectral response of the receptor as a function of selected

cations (Fe** and/or Zn**) and anion (CN").

Chart 6.1. Chemical structure of the stilbene-appended terpyridine receptor.

6.2 Materials and methods
The materials that are employed to synthesize the ligand are described in chapter
2. The description of instruments and physico-chemical measurements are provided in

previous chapters.

6.3 Results and discussion
6.3.1 Synthesis, characterization and overview of photoisomerization and
compleaxtion-decompleaxtion process

Synthesis, characterization, and photo-isomerization behavior of stilbene-
terpyridine ligand (tpy-pvp-H) and its Fe(11) complex of the type [Fe(tpy-pvp-H)-]** have
been reported in chapter 2 and chapter 3. An overview of the photophysical,
photoisomerization and ion-binding behavior of tpy-pvp-H is again presented here for the
benefit of the readers. Tpy-pvp-H exhibits intense absorption band at 330 and 288 nm in
DCM primarily due to styrylbenzene—terpyridine intra ligand charge transfer transition
(ILCT) and m-m* transition, respectively and a strong emission band at 398 nm with
quantum yield 0.33 and lifetime 1.05 ns [56]. The absorption and emission maximum of
the ligand differs to a little stretch depending upon the nature of the solvent. The ligand
undergoes trans-cis isomerization induced by UV light accompanied with substantial
alteration of absorption and emission spectral behaviors (Fig. 6.1) [56]. The intensity of
the band at 330 nm gradually decreases together with a little bathochromic-shift and at its
expense a broad tail stretching within the range of 360-420 nm evolved, gradually

intensified and finally saturated upon photolysis of ~22 minutes. Quenching of emission
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together with red-shift of the emission band is observed upon photolysis. The backward
cis—trans isomerization is also feasible upon irradiation with visible light (Aex=400 nm)
and the initial spectrum get almost restored in the reverse process.

Due to the presence of terpyridine site, the ligand is capable to interact with metal
ions through coordination. The absorption and emission spectrum profile of trans tpy-
pvp-H upon gradual addition of Fe** and Zn* ions are presented in Fig. 6.2 and Fig. 6.3.
Fe?* leads to the generation of a peak at ~575 nm with development of brilliant violet
color assignable as Fe(d)—tpy(n') MLCT transition, while Zn?* induces generation of a
band at 380 nm due to intra-ligand charge transfer from stilbene to the coordinated
terpyridine moiety [70]. Systematic change in the spectral profile of tpy-pvp-X as a
function of Fe?* and Zn?* ions are presented in Fig. 6.2 and Fig.6.3, respectively.
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Fig. 6.1. UV-vis absorption (a) and emission (Aex=330 nm) (b) spectrum of tpy-pvp-H in
DCM upon irradiation of UV (Amax=336 nm) followed by visible (Amax=400 nm) light.
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Fig. 6.2. UV-vis absorption (a) and emission (Aex=330 nm) (b) spectrum of tpy-pvp-H in
DCM upon incremental addition of Fe®* followed by CN'.
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Fig. 6.3. UV-vis absorption (a) and emission (Ae=330 nm) (b) spectrum of tpy-pvp-H in
DCM upon incremental addition of Zn®* followed by CN".

Considerable guenching of emission was observed in both cases, but in case of
Zn**, gradual quenching of emission at 398 nm is also accompanied by an emission
augmentation at 512 nm. The saturation of both absorption and emission spectrum takes
place after inclusion of 0.5 equivalent of ions indicating the generation of [M(tpy-pvp-
H),]?* species. It is to be mentioned here that the cis form of tpy-pvp-H cannot form bis-
terpyridine ([M(tpy-pvp-H).]**) type complexes upon addition of the respective metal
ions probably because of the strain that is developed in the cis-isomer does not allow to
convert the transoid conformation of the three nitrogen atoms of the terpyridine motif to
the cisoid form which is necessary to coordinate with the bivalent 3d metals. We would
also like to point out that upon excitation at the MLCT band at 575 nm, the Fe(ll)
complex (Fe(tpy-pvp-H)2]**) does not display any emission band in the red region
because of the existence of low-lying metal-centered (*°*MC) excited states.

Interestingly, addition of CN™ leads to the de-complexation of both Fe(ll) and
Zn(I1) complexes and eventually regenerates the free ligand in presence of excess CN". The
decomplexation process has also been monitored through absorption and emission
spectroscopic techniques. The titration data clearly indicate that addition of CN prompts
sequestering of the metal ions (Fe** and Zn?* ions) from the respective complex and
produces more steady ion-pair or complex cation of the type [Fe(CN)s]* and Zn(CN)4]* in
solution leading to regeneration of the free ligand. Moreover, complexation of the receptor
by the said metals and their decomplexation by CN" is reversible and can be repeated many

times. This reversible complexation and decomplexation behavior together with reversible

218



Chapter 6

trans-cis photo-isomerization aspect of the ligand will be utilized for the construction of
various logic gates and complicated circuits. Importantly, tpy-pvp-H is capable to mimic
several fundamental as well as complicated logic functions by monitoring the output
absorption and emission spectral responses upon sequential use of appropriate
combination of the ionic inputs (Fe?* and Zn**) and light of specific wavelength.
6.3.2 Key-pad lock

Key pad lock device is used mainly for the security purpose at the molecular
level. In order to develop a security key pad lock, the emission intensity at 525 nm of tpy-
pvp-H is used as the output signal in presence of two stimuli, viz. Zn?* and light of Ae=
336 nm (photon) , in appropriate sequence. In Fig. 6.4, the input Zn*" is assigned as “R”,
whereas the input photon (Aex= 336 nm) is assigned as “A”. On the other hand, “T” and
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Fig. 6.4. (a) Emission spectral changes of tpy-pvp-H upon interaction with Zn?* (0.5
equiv) and photon. Truth table and schematic presentation for the security keypad lock (b
and c, respectively). (d) 3d presentation for the change in emission intensity as function

of inputs.
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“M” implies the “ON-state” and “OFF-state”, respectively. In absence of both the inputs,
there is no emission at 525 nm implying the “OFF-state”. Addition of “R” followed by
interaction with “A” induces a considerable increase in emission intensity at the said
wavelength indicating the “ON-state” and generates a secret password “RAT”. Alteration
of this sequence (“A” followed by “R”) leads to sharp fall of emission below the
threshold level which designates the “OFF-state” resulting in the generation of password
“ARM”. Thus, the wrong password “ARM” will not able to unlock the keypad lock.
Therefore, to construct a keypad lock at the molecular level the sequence dependent
stimuli play a very crucial role. Thus, only the legalized user can unlock this system and
it is a novel way to secure the information at the molecular level and superior over
conventional number-based PIN.
6.3.3 Combination of IMPLICATION and INHIBIT logic gates

To mimic the said logic functions, Zn*? and CN" is utilized as two different ionic
inputs, while the emission intensity at either 512 or 398 nm of tpy-pvp-H was utilized as
the output signal. Inclusion of Zn*? induces significant augmentation of the emission at
512 nm, while almost complete quenching at 398 nm. Sequential inclusion of Zn*?
followed by CN" gives rise to turn-off of the emission at 512 nm, whereas turn-on at 398
nm (Fig. 6.5). Thus, by maintaining appropriate sequence of the addition of Zn*? (input 1)
and CN’ (input 2) and utilizing the emission intensity at 512 nm and 398 nm, it is possible
to mimic the combined operations of INHIBIT and IMPLICATION gates. The emission
over the threshold barrier relates to the ON-state (1), whereas the low emission beneath
the threshold relates to OFF-state (0). In absence of both the inputs, the output at 512 nm
is low showing the OFF-state (0). IMPLICATION logic gate can also be constructed by
using the same stimuli and observing the output emission signal at 398 nm. Without any
inputs, the free receptor displays high emission at 398 nm and relates to the ON-state (1).
Input 1 prompts quenching of emission and accordingly relates to the OFF-state (0). The
inclusion of either input 2 or input 1 followed by input 2 prompts to enhance the signal at
398 nm and again suggests the ON-state (1). In essence, the function of IMPLICATION
logic gate is mimicked (Fig. 6.5).
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Fig. 6.5. (a) Emission spectral changes of tpy-pvp-H upon interaction with Zn?* (0.5
equiv) and CN". Truth table and schematic presentation for combined IMPLICATION
and INHIBIT gates (b and c, respectively). (d) 3d presentation for the change in emission
intensity as function of inputs.

6.3.4 Construction of set-reset flip-flop circuit (memory devices)
From the previous section, it appears that INHIBIT and IMPLICATION logic

gates are complementary to each other and comparable to IF-THEN and NOT functions.
The memory device, useful for storing information, could be fabricated by performing
sequential logic operations. The operation of a memory device occurs via a feedback loop
where one of the outputs also functions as the input and is memorized as ‘‘memory
element”’. Here, we can fabricate sequential logic circuit, “Write-Read-Erase-Read” by
utilizing the emission output signal at 512 nm for tpy-pvp-H upon the action of Zn*?

(input 1) and CN" (input 2).
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In the present case, input 1 and input 2 also corresponds to Set (S) and Reset (R)
process, respectively and emission intensity at 512 nm above threshold represents the
ON-state (1), whereas below the threshold designates the OFF-state (0). At high
concentration of Set input (S=1), the system writes and memorizes the binary state “1”.
The stored data then can be erased upon the action of the Reset input giving rise to OFF-
state. The Set/Reset events could be represented in the mould of a feedback loop as

presented in Fig. 6.6 and the loop can be repeated multiple times.

@ (b) Inputl Input2 Output
(Zn?*) (CN") Emission
Input2 at512nm
Reset Output (o] (0] O(low)
Inputl Emission -
get at 512nm 1 0 1(high)

0 1 O(low)

Set 1(1%) 1(2nd) 0(low)
© 1(2nd) 1(15%) 1(high)

rw

Emission at Emission at
512nm 51Znm
OFF QN

Reset
Input2

Fig. 6.6. (a) Schematic presentation of reversible and reconfigurable set-reset flip-flop
logic functions of the memory element with “writing-reading-erasing-reading” sort of
performance (a and c). Corresponding truth table is presented in (b).

6.3.5 Combination of NOR and INHIBIT logic gates

To mimic the said logic functions, light of A= 336 nm is used as input 1, while
the Zn*? ion acts the input 2. The emission intensity at 522 nm and 409 nm of tpy-pvp-H
in acetonitrile is taken as the output signal. Under UV light irradiation, the emission
intensity at 409 nm is quenched substantially below the threshold representing the OFF-
state (0). Addition of Zn*? gives rise to the evolution and intensification of the emission

band at 522 nm (ON-state) while substantial quenching of the emission band at 409 nm
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(OFF-state) (Fig. 6.7). Upon addition of Zn®" to the photo-irradiated solution of tpy-pvp-
H, no change takes place in its emission spectrum and the emission intensity at both 409
and 522 nm lies below the threshold and thus represents the OFF-state. Thus, by the use
of appropriate sequence of action of these selected stimuli, a function of the combined
NOR and INHIBIT logic gates could be mimicked (Fig. 6.7).

by " @) oy -ovp = Inputl Input2 Output Outp}:t
= 105_ atid o —— Dy -pvp-H_photon (Photon) (Zn?*) Emission Emission
8x toy-ovp-=_za™ at409nm at522nm
— Py -pvp-H_Za™_photon 0 0 1(high) Ollow)

=3 0 1 oflow) 1{high}

5

4x1077 1 0 Oflow) Oflow)
Montoring 1 1 Oflow) O(low)

PL.Int(a

N
x®
(=]

'
; stezzam Inputl

g Photon -
Imput ;:Eg“‘_-‘
s Gt R o
0 - ¥ = L S L = i ) - Orrsnstt Fen
400 500 800 L -“":‘.:E_
.. orinm S
Combination of NOR

and INHIBIT gate

Fig. 6.7. (a) Emission spectral changes of tpy-pvp-H in MeCN at 409 nm and 522 nm in
presence of photon and Zn®** (0.5 equiv). Truth table and schematic presentation for
combined NOR and INHIBIT gate (b and c, respectively). (d) 3d presentation for the
change in emission intensity as function of inputs.

6.3.6 Combination of OR and INHIBIT logic gates

To mimic the functions of the said logic gates, Fe** is taken as input 1, while UV
light was used as input 2 and absorption maxima at 370 and 575 nm were considered as
the output signals. Free tpy-pvp-H possesses no absorption at both the wavelengths in
DCM. In presence of Fe?* (input 1), strong absorption band at both 370 and 575 nm was
observed with concomitant development of deep violet color which corresponds to the

ON-state. By contrast, upon treatment with input 2 (light), no such signal was observed at
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575 nm indicating the OFF-state. When these two inputs are applied successively (input 1
followed by input 2), no signal at 575 nm is observed upon prolonged irradiated with UV
light photon which indicates the OFF-state (Fig. 6.8). So, it is possible to mimic an
INHIBIT gate upon applying these two inputs. On the other side, when we choose the
monitoring wavelength at 370 nm, the compound gives rise to on-state upon applying
either input 1 or input 2 or both. These confirmed the possibility of formation of OR gate.

Thus, here we can mimic the combination of INHIBIT and OR gate (Fig. 6.8).

” — o
o e ©
— D T, =
Inputl Input2 Output Output
(Fe*) (Photon) Abs at Abs at
Monitoring 575nm 370nm
Vi veie ngth . !
_+_at s750m 0 0 O{low) Olow)
i 1 0 1(high) 1{high}
__________________ 0 1 Oflow) 1{high)
1 1 0{low) 1{high)
T
600 700
2+ \ Output
utl(Fe \
Tputier) / ‘ Absorption
Input2(Photon) ; at 575nm

©

Output
_—— Absorption
i at 370nm

Fig. 6.8. (a) Absorption spectral changes of tpy-pvp-H in DCM at 575 and 370 nm in
presence of Fe?* (0.5 equiv) and photon. Truth table and schematic presentation for
combined OR and INHIBIT gate (b and c, respectively).

6.3.7 Combination of OR and NOR logic gates

In order to display combinational functions of OR and NOR logic gates, the
absorbance of tpy-pvp-H at 380 nm and the emission at 398 nm is monitored upon the
action of UV light of Ae= 336 nm as input 1, while the Zn*? ion as the input 2. Inclusion
of Zn?* ion leads to significant increment of absorbance at 380 nm representing the on-
state, whereas remarkable quenching of emission at 398 nm indicating the off-state. Upon

the action of light, no such enhancement in the absorption maximum is observed, but the
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emission spectral change is found to be almost same as that is observed under the
influence of input 2 (Fig. 6.9). But sequential action of Zn?* followed by light gives rise
to turn-on of absorption at 380 nm whereas turn-off of emission at 398 nm. Thus, by
following proper sequence for the action of the said inputs and upon monitoring the
absorbance at 380 nm and emission at 398 nm, the combined functions of OR and NOR

gates are mimicked (Fig. 6.9).

0.5 6
(@ —— tpy-pvp-H 2x10° 1 (b) ! Monitoring — tpy-pvp-H
— lpy—pvp—HiphS‘ton =4 — Wavelength —— tpy-pvp-H_photon
04 tpy-pvp-H_Zn p\ e tpy-pvp-H_Zn*
B 2+ ¢
tpy-pvp-H_Zn""_photon tpy—pvp-H_an‘_photon

0.31

Monitoring )
! Absorption ©

é = Wavelength
0.2
0.1 S S
0.0 : ; -
400 500 600
A/nm

Inputl . (d)
photon ™ \_ Output Abs Inputl Input2 Output Output
Input2 ) at 380nm (Photon) (Zn**) Absorption Emission

Zn2* at 380nm at 398nm

0 0 O(low) 1(high)

(c) _
Output Em 0 1 1(high) 0(low)
. at 398nm 1 0 1(high) O(low)
- 1(2m) 119 1(high) 0(low)

Fig. 6.9. Absorption and emission spectral changes of tpy-pvp-H in DCM at 380 and 398
nm, respectively in presence and Zn?* (0.5 equiv) and photon (a and b, respectively).
Schematic presentation and truth table for combined OR and NOR gate are presented in
part ¢ and d, respectively.

There is another possibility to construct a combination of OR and NOR logic
gates by applying a three input logic system. In this case, we used Zn®*, Fe?* and light as
input 1, input 2 and input 3, respectively. The absorbance at 375 nm and emission at 410
nm of tpy-pvp-H is used as the output signal (Fig. 6.10). In absence of any of these three
inputs, there is no appreciable absorbance at 375 nm implying the OFF-state, but intense
emission band at 410 nm give rise to the ON-state. If we allow tpy-pvp-H to interact with
any of three inputs (singly, doubly or triply) and irrespective of their sequence, we

noticed appreciable absorbance at 375 nm in each case which demonstrates the ON-state,
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while substantial emission quenching at 410 nm below the threshold indicates the off-
state in all cases. In essence, three input combined OR and NOR logic gates are
constructed (Fig. 6.10).
6.3.8 Construction of NAND logic gate

Upon using UV light as input 1 and Zn*? as the input 2 and by monitoring the
emission intensity at 419 nm in DMSO, the function of NAND gate can be mimicked.
The output of NAND gate is usually turn-ON in presence of any single input or without
both of the two inputs. In the absence of any of these inputs, the emission intensity at 419
nm is very high (output 1). But in presence of Zn** (input 2) if we interact the receptor
with photon (input 1), the emission intensity is dramatically quenched implying the OFF
state of this system. Thus, the construction of two input NAND logic gate is feasible as
shown in the truth table of Fig. 6.11.

Monitoring  |[—— tpy-pvp-H (b) _ ! Monitoring[——tpy-pvp-H
(@) wave length |— tpy-pvp-H_photon 2x10° 1 i\ Wavelength—— tpy-pvp-H_photon
0.4 375nm —— tpy-pvp-H_Fe** S\ 398nm | tpy pyvp-H_Fe**
) —— tpy-pvp-H_Fe®"_zn*" —— tpy-pvp-H_Fe*_zn*"
—— tpy-pvp-H_Fe®*"_Zn*"_photon 2%10° —— tpy-pvp-H_Fe*_Zn*"_photon
—— tpy-pvp-H_Fe*"_photon Py —— tpy-pvp-H_Fe®"_photon
- —— tpy-pvp-H_zZn** > —— tpy-pvp-H_zn*
* |——tpy-pvp-H_2Zn*_photon S s —— tpy-pvp-H_Zn*"_photon
» g2 +— 1x10°4
o) =]
< i
/\ L3 A I NS -
0.0 T T > T T 0 T T T
300 400 500 600 700 400 500 600
(d) Anm
Input Input Input 3 Output Output
5 1{Zn2+) 2(Fe2+) {photon) Abs at Emi at
Inputl(Zn®") Output 375nm | 398nm
Input2(Fe?*) Absorption
Input3(Photon) atsrsnm -y 0 0 Oflow)  1(high)
(C) 1 0 (1] 1(high) Oflow)
0 1 0 1(high) Oflow)
Output 0 0 1 1(high) O(low)
'53'153'0“ 1 1 0 1(high)  O(low)
a nm
1 0 1 1(high) O(low)
[+] 1 1 1(high) Oflow)
il 1 1 1(high) O{low)

Fig. 6.10. Absorption and emission spectral changes of tpy-pvp-H in DCM at 375 and
410 nm, respectively in presence of Zn®* (input 1), Fe** (input 2) and photon (input 3) (a
and b, respectively). Schematic presentation and truth table for combined OR and NOR
gate are presented in part ¢ and d, respectively.
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(a) Monitoring | = tpy-pvp-H ®
6x1 05 i _ . wavelength —_— (py-pvp—H_phz;ton
1 at 419nm _:py»pvp-:iénz‘ ot Irlputl lnputl Output
PR (Photon) (Zn?*) Emission
E) at 419nm
S 4x10°] 0 0 1(high)
£ 0 1 1(high)
_i -
0 2410° 1 0 1(high)
/\ 1 11 O(low)
0 Inputl

400 500 600 photon = | ) Output Em
A/nm © nputz J— at 419nm
NAND LOGIC zZn?*

GATE

[C))

Fig. 6.11. (a) Emission spectral changes of tpy-pvp-H in DMSO at 419 nm in presence of
photon and Zn** (0.5 equiv). Truth table and schematic presentation for NAND gate (b
and c, respectively). (d) 3d presentation for the change in emission intensity as function
of inputs.

NAND gate can be made by combining an AND gate and a NOT gate. It behaves
inverse of an AND gate. We can see this action in an analog circuit as presented in Fig.
6.12. Either input 1 or input 2 has to be high for the power to go to the light outputting 1
(“ON” state). If both input 1 (photon) and input 2 (Zn*") is high, power is routed away
from the light giving output O indicating the “OFF” state of the system. If both the input

is low then the “ON” state of the system will be generated.

6.3.9 Construction of INHIBIT logic gate

We can mimic the function of INHIBIT logic gate upon using UV light as input 1
and Zn?* as the input 2 and utilizing the absorption output signal at 365 nm in MeCN
(Fig. 6.13). This system gives rise to the “ON-State” only in presence of a particular
input. It isto mention here that this particular type of gate can be mimicked in MeCN
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Fig. 6.12. NAND analog circuit exhibited by tpy-pvp-H based on its emission spectral
response at 419 nm in DMSO upon the action of photon and Zn®* (0.5equiv).

only and thus is solution specific. Without the action of two selected inputs, no
absorbance at 365 nm corresponds to the “OFF-state”. In presence of photon orin
combination of photon and Zn?*, again no absorption signal in the said wavelength is

observed which corresponds to the OFF-state. In the presence of only Zn?*, a strong

()

(a) = tpy-pvp-H_Zn*
0.3 N :g:g:gj:lniphown Inputl Input2 Outpu.t
| — tpy-pvp-H_photon (Photon) (ZI‘I’”’) Absorptlon
at 365nm
021 Absorption 0 0 0(low)
< 0 1 1(high)
0.14 1 0 O(low)
I T 1(2nd) 1(1%Y) O(low)
0.0 T Y
300 400 500
Anm

INHIBIT LOGIC ©

GATE

Inputl

Photon ».__
Ol
Input2
Zn2+

utput Abs
at 365nm

Fig. 6.13. (a) Absorption spectral changes of tpy-pvp-H in MeCN at 365 nm in presence
of photon and Zn?* (0.5 equiv). The truth table and schematic presentation for INHIBIT
gate are presented in part b and c, respectively.

228



Chapter 6

absorbance at 365 nm is observed which corresponds to the ON-state. As a result, a two
input INHIBIT logic gate is fabricated as displayed in the truth table of Fig. 6.13.
6.3.10 Fuzzy logic operations

Although Boolean logic is simple as well as effective in discriminating true and
false interactions, it is not competent enough to represents multi-valued systems and the
degree of the truthfulness of the intermediate states. Because of the imprecise nature of
most of the chemical reactions, the FLS is believed to be a probable substitute for
expressing the imprecise information in the analogue domain. Without the specific values
of input and output parameters, one could deliberate the variables in some linguistic
characters, viz. low, medium, or high (Table 6.1-6.2). In the present case, the inputs
(Fe?*/zn** and CN) and the output (emission quantum yield, @) variables are presented
in the form of fuzzy sets {( Fig. 6.14 for Fe*/CN") and Fig.6.15 for Zn’*/CN" (SI)}. A

Table 6.1 Values of emission quantum yield (®) as a function of nge>* Mgy pvpn and Ny’
IMipy-pup-H-

Fe**(eq) | CN(eq) Output Emission

Quantum

yield (D)
0 0 high 0.33
0.1 0 high 0.31
0.3 1 medium 0.27
0.5 3 medium 0.26
0 4 high 0.31
0 6 high 0.32
0.7 0.4 low 0.08
0.8 0 low 0.06
1 0.9 low 0.07
0 6 high 0.32
1 6 medium 0.22
1 0 low 0.03

summary of various IF-THEN comments encompassing the inference rules is presented
in Fig. 6.15 and Table 6.3-6.4. The IF-part correlates to the antecedent, whereas the
THEN-part conforms to the consequence. The surmise tool of FLS worked out to convert

the inputs into the output fuzzy sets. The defuzzifier then converts the outputs into the
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crisp numbers which plays a key role in forecasting the output variable such as ®.
Following the same procedure, the input (Zn**) and output (®) variables are presented in
terms of fuzzy logic (Fig. 6.15 and Table 6.4).

Table 6.2 Values of emission quantum yield (®) as a function of nz,”* Nipy.pvp-r @and Ney’
IMipy-pup-H.

Zn“*(eq) | CN'(eq) | Output Emission
Quantum
yield (@)
0 0 high 0.33
0.1 0 high 0.31
0.3 1 high 0.29
0.5 3 high 0.28
0 4 high 0.33
0 2 high 0.31
0.7 0.2 low 0.11
0.8 0.3 low 0.10
1 4 medium 0.21
0 25 high 0.30
1 3 medium 0.20
1 0 low 0.05
Inputl Input2
T . W T e T '
s S
L 2
L . 1
nFeZ(J;/ntpy-pvp-H nCN;/J/htPY'PVP'H
R1-R18

.....

Uquantum yield

Emission Quantum Yield

Fig. 6.14. Diagrammatic demonstration of fuzzy correlations based on FIS upon

considering Fe?* as input 1 and CN”as input 2, while the emission quantum yield (®) as
the output.
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Fig. 6.15. Diagrammatic demonstration of fuzzy correlations based on FIS upon

considering Zn?* as input 1 and CN" as input 2, while the emission quantum yield (®) as
the output.

Fe?* induces emission quenching in tpy-pvp-H, whereas concurrent inclusion of
both Fe** and CN ~ might give rise to either enhancement or quenching of emission. To
this end, tpy-pvp-H is exposed to carry out fuzzy logic functions with changing
equivalent of Fe?* and CN” ions and treating @ as the output (Table 6.1). In FLS, the rules
are “IF..., THEN...” comments with various antecedents comprising the OR and AND
operators. Plausible merging of inputs yields eighteen different combinations for
Fe?*/CN" (Table 6.3) and fourteen combinations for Zn**/CN" (Table 6.4). The molar
proportion of input and receptor (Nre> Mipy-pvp-r aNd Nen/Nipy-pup-+) i disintegrated to three
fuzzy sets: (i) low (u.) bearing the symbol zmf, (ii) medium (uy) with the symbol trimf,
and (iii) high (uy) having symbol smf. In the same way, the output (@) is stretched into
three fuzzy sets: (i) low with a zmfp,, (ii) medium with a trimfjy, and (iii) high with a
smfuy. We can now devise the fuzzy rules upon enforcing Mamdani’s FLS [71]. Because
of the coactive role of Fe’* and CN’, the dual inputs are associated here via the OR and
AND operator. A 3D plot showing the variation of @ with varying equivalent of Fe** and
CN  is displayed in Fig. 6.16, while for Zn**/CN" conjugate is presented in Fig. 6.17.
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Table 6.3 Rules for the fuzzy logic system (FLS) taking Fe** and CN™ as inputs and
emission quantum yield (®) as the output. The rules consist of the following statements.

@ IF nee2*/ Nigy-pvp-H 1S 10W AND nen/ Nigy-pvp-n 1S NUll, THEN quantum yield is high

2 IF nee2*/ Nipy-pvp-n 1S Medium AND nen/ Nigy-pyp-n 1S NUll, THEN quantum yield is medium

3) IF ng2t/ Nipy-pup-H 18 NG AND nen/ Nipy-pup-n i NUll, THEN quantum yield is low

(@) IF nee2*/ Nigy-pvp-H 1S NUITAND nen/ Nigy-pup-nt 1S 1ow, THEN quantum yield is high

(5) IF net/ Nigy-pvp-H 1S NUIT AND nen/ Nigy-pyp-n 18 medium, THEN quantum yield is high

(6) IF net/ Nipy-pvp-H 1S NUIT AND nen/ Nigy-pup-nt 18 Nigh, THEN quantum yield is high

@) IF nelt/ Nipy-pyp-t 1S 10W AND nen/ Nigy-pvp-n i low, THEN quantum yield is high

(8) IF nelt/ Nipy-pyp-t 1S 10W AND Nen/ Nigy-pvp-n s medium, THEN quantum yield is high

9 IF net/ Nipy-pvp-H 1S 10W AND Nen/ Nigy-pvp-n 1S high, THEN quantum yield is high

(10) IF nee2*/ Nipy-pp-n 1S Medium AND nen/ Nigy-pyp-n i low, THEN quantum yield is medium

(1) IF nelt/ Nipy-pyp-n 1S Medium AND nen/ Nigy-pyp-n IS medium, THEN quantum yield is
medium

(12) IF net/ Nipy-pvp-H 1S Medium AND nen/ Nigyepyp-n 18 high, THEN quantum yield is
medium

(13) IF nee2*/ Nepy-pyp-1 1S NG AND Nen/ Negy-pyp-n 1S low, THEN quantum yield is low

(14) | IF ngeZ I Ngypupns is high AND nen/ Ny ppn is medium, THEN quantum yield is
medium

(15) IF net/ Nepy-pyp-t 1S NG AND Nen/ Negy-pyp-n 1S high, THEN quantum yield is medium

(16) IF net/ Nipy-pp-n 1S Medium AND nen/ Nigy-pyp-n is medium, THEN quantum yield is
medium

(18) | IF nge”"/ Npypupnt is high AND nen/ Ny ppn is medium, THEN quantum yield is
medium

(18) IF nelt/ Nipy-pvp-H 18 NG AND nen/ Nipy-pup-n i low, THEN quantum yield is low

At this point we would like to mention that the Mamdani’s FLS procedure is a coarse one

and is not sufficiently smart to figure out the input-output connections quite methodically

and efficiently. The more state-of-art way is to adopt a neuro computing blended fuzzy

logic system (ANFIS) that not only takes into account the lingual variables but also

accommodates the experimentally noticed input-output data set [72]. In this context, a

FIS achieved by Sugeno's approach has been endorsed [73]. To implement FIS by
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Sugeno's method, we have taken @ as the output signal and molar ratio of CN™ and tpy-
pvp-H or Zn?* and tpy-pvp-H as the inputs.

The inputs are disintegrated into three range of values (low, medium and high)
possessing trapezoidal and triangular membership functions. The input-output chart for
the designed ANFIS is presented schematically in Fig. 6.18-6.19. The outcomes obtained
by ANFIS is more authentic to gauze any of the input equivalence for different ® over a

fixed equivalent of another input.

Table 6.4 Rules for the fuzzy logic system (FLS) taking Zn** and CN" as inputs and
emission quantum yield (®) as the output. The rules consist of the following statements.

(D) IF ny 2"/ Nipy-pvp-H 1S 10W AND Nen/ Nigy-pvp-n 18 NUIL, THEN quantum yield is high

2 IF ny2"/ Nipy-pvp-H 1S Medium AND nen/ Nigy-pyp-n 18 NUEl, THEN quantum yield is
medium

3) IF ng,2"/ Nipy-pvp-t 1S NG AND nen/ Nigy-pyp-n 18 NUEL, THEN quantum yield is low

(@) IF ny2"/ Nipy-pvp-H 1S NUIT AND nen/ Nipy-pup-nt 1S 1ow, THEN quantum yield is high

(5) IF ng,2"/ Nipy-pyp-n 1S NUIT AND nen/ Nigy-pyp-r 18 medium, THEN quantum yield is
high

(6) IE ng2*/ Nepy-pyp-t 1S NUITAND nen/ Niy-pyp-nt 1S Nigh, THEN quantum yield is high

() | IF Nz’ Nygy-puprt 18 1ow AND nen/ Ny pupeni is low, THEN quantum yield is high

(8) IF ng2"/ Nipy-pvp-H 1S 10W AND nen/ Nipy-pvp-n IS medium, THEN quantum yield is
high

9) | IF Nz’ / Ngypuprt 1S 10w AND ney/ Nigy-pupni S high, THEN quantum yield is high

(10) | IF Nz / Nypy-puprt 1S 10w AND nen/ Ny pupni iS low, THEN quantum yield is high

1) | IF Nz 2t/ Nipy-pvp-n 18 Medium AND nen/ Nipy-pvp-n 18 low, THEN quantum yield is
medium

(12) | IF Nz / Nygypuprt i high AND nen/ Neypvpt 1S low, THEN quantum yield is low

(13) | IF Nz’ / Nygypyprs is high AND nen/ Negypupt is medium, THEN quantum yield is
medium

(14) | IF nz2*/ Nipy-pup-H 18 Medium AND nen/ Nipy-pvp-n 18 medium, THEN quantum yield is
medium
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Fig. 6.16. A 3D display of the dependence of @ of tpy-pvp-H upon simultaneous injection
of Fe** and CN" inputs.
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Fig. 6.18. Schematic representation of ANFIS by adopting Sugeno's method to map @ of
tpy-pvp-H with CN™ and Fe** inputs.
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Fig. 6.19. Schematic representation of ANFIS by adopting Sugeno's method to map @ of
tpy-pvp-H with CN™ and Zn?* inputs.

6.4 Conclusions

With regard to our continued effort to develop smart molecular systems capable
of processing information and computation at the molecular level, we have successfully
utilized in this work a terpyridine-based receptor incorporating styrylbenzene moiety as
the photo-switchable unit. The terpyridine motif is a versatile tridentate coordinating
moiety so that the optical properties of the receptor could be significantly modulated by
the presence of incoming cationic guests. The styrylbenzene moiety, on the other hand,
can give rise to switching of the optical properties of both the free receptor as well as its
cationic adduct upon interaction with light. Interestingly, on the basis of the optical
response profiles of the receptor toward selected cations as well as light of specific
wavelength, we are able to demonstrate multiple Boolean logic functions such as
INHIBIT, IMPLICATION, OR, NOR and NAND as well as various combinations of
them. Of particular interest, we utilized the present systems for the construction of
security keypad locks and memory devices by maintaining proper sequence of the inputs
and monitoring either absorption or emission at a specific wavelength as the output
signal. In addition, fuzzy logic approach is accomplished to design an infinite-valued
system for locating the imprecise values between completely true (1) and completely
false (0). Thus, the present photo-switchable terpyridine based receptors can act as
potential building blocks for information processing and computation at the molecular

level.
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